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The chemotherapeutic action of compounds of bismuth in spirochetal inieo- 
tions was observed by Robert and Sauton. These workers found that sodium 
bismuthyl tartrate had a marked effect in preventing and curing infection with 
Spiroohata gaUimnm (Fowl Spirillosis). Since then the action of compounds 
of bismuth has been extensively investigated in spirochtetal infections (see 
Levaditi). The present work concerns the bismuth derivatives of organic 
hydroxy>aoicUi. All the compounds investigated arc^white amorphous solids, 
of which only the derivatives of the monobasic sugar acids are at all soluble 
in water. They are stable to apetio acid, but are instantly decomposed by 
dilute mineral acids; and, with the exception of the citric acid and ester com¬ 
pounds, axe soluble in alkali. 

The therapeutic action of these compounds was tested in the case of mice 
infected with 8p, laverani (Breinl and Einghorn; Sp. muris of Wenyon). 
Ittfee^ons with the strain used, which was non-pathogenic for mice, had the 
foUdwing fiharaoteristicB t—As a i^e, five or six days after subcutaneous in- 
dcalation with a suspension in saline of infected blood, the organisms were found 
in the petiTberal circulation in small numbers. Thereafter they usually became 
per8i|ted for long periods. Their abundance in the blood 
: IW isom time to time and after some months they might become 
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very scanty. The value of this infection as a test for chemotherapeutic pro¬ 
perties lies in the fact that it is susceptible to agents such as salvarsan, which 
are efiective in the treatment of infections with Tr, pallidmi. 

In the therapeutic experiments a single subcutaneous injection was given, 
at from one to four weeks after inoculation, when parasites were present in the 
blood. The blood was then examined almost daily for a month, and subse¬ 
quently several times a week for other two months ; if the organisms failed to 
be found throughout this period cure was presumed to have ocxjurred. Re¬ 
currences were noted as late as 37 days after treatment. The results arc 
shown in the accompanying table. 

All the substances produced definite therapeutic action, as shown by rapid 
disappearance of parasites from the blood. But in most cases the organisms 
reappeared in the blood, even after doses which closely approached the maximum 
amount tolerated. No striking differences in the toxicity of the substances 
were observed; the compound of thiobenijoic acid, however, appeared to be 
distinctly more toxic than the others. In this connection it should be noted 
that the bismuth content and the solubility of these compounds varies con¬ 
siderably. Also, in a proportion of animals which received the maximal doses 
shown in the Table, progressive loss of weight occurred after a time, indicating 
chronic toxic action. 

It has been generally observed that the bismuth compounds hitherto investi¬ 
gated possess chemotherapeutic action in proportion to their content of bis¬ 
muth, and that alterations in chemical constitution have little influence on this 
property(Kolle). In the present series of experiments it wo\ild appear, however, 
that the organic constituent of the molecule played a certain part in determining 
theraj)eutic efficacy, since the saccharic, mannonic, lactobionic, tartaric, and 
citric acid derivatives were the only ones which effected cure. The raiige of 
effective dosage, however, was extremely small; and with the most active 
compounds either a proportion only of animals were cured by nearly maximal 
doses or relapses occurred when slightly smaller amounts ivere administered. 

The action of bismuthyl saccharic acid has been tested systematically in a 
series of cases of syphilis in the human subject. This compound was selected 
because of its curative effect in mice infected with Sp. laverani. The free acid 
was administered intra-muscularly, in a 10 per cent, watery suspension, and 
constituted the sole treatment in 17 cases, 2 of which were in the secondary 
stage of the disease and the rest of older standing. On the average a dosage 
equivalent to about 2*5 grams of metallic bismuth was administered to eadx 
patient in fr-10 doses at weekly intervals. Definite antisypbilitic action was 
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manifested, in the sense that healing of the lesions occurred in 12 cases, including 
those in the secondary stage. In only one patient was there a distinct change 
in the Wassermaun reaction of the blood serum as a result of such a course of 
treatment, a positive reaction being replaced by a weakly positive one. It is 
to be noted, however, that local irritation at the site of injection, as well as 
general toxic effects characteristic of a slight degree of poisoning due to bismuth, 
were observed in a considerable proportion of the cases. 

Therefore the general conclusion was reached from this series, as well as 
from the results of a greater number of patients less systematically treated, that 
this compound from the therapeutic standpoint presents no advantages over 
the preparations of bismuth in general use finely divided bismuth or 
iodobismuthate of quinine in oily media). 

The sodium salt of bismuthyl saccharic acid when injected intra-musoularly 
in 10 per cent, watery solution was distinctly less well tolerated than the free 
acid, probably owing to more rapid absorption. Consequently its use was 
abandoned after a few preliminary trials, as there was no increase in therapeutic 
action to compensate for the greater toxic effect. This compound was also 
injected intravenously, but without satisfactory results so far as the effect on 
syphilitic lesions was concerned. 

Bismuthyl gluconic acid has also been administered intra-muscularly and 
intra-venously in 10 per cent, watery solution. Its antisyphilitic action is 
marked, but it has not yet been determined whether in this respect it is superior 
to the bismuth preparations in general use. 

Chemical Section. 

The bismuthyl compounds were prepared by the general method of treating 
a solution of an organic hydroxy-acid, or one of its soluble salts, in dilute 
acetic acid (1: 4) with a concentrated solution of crystallised bismuth nitrate 
in dilute acetic acid. If a precipitate formed, the whole was heated to boiling 
point to aid filtration, the precipitate being filtered off and well washed, first 
with hot dilute acetic acid and then with water. If no precipitate formed, the 
mixed solutions were poured into excess alcohol, and the precipitate filtered 
off and washed with dilute alcohol. In the preliminary stages an excess of 
hydroxy-acid was always used, but when some idea of the chemical constitu¬ 
tion had been obtained, theoretical quantities were employed, 

In the case of the esters which would be hydrolysed by treatment as described 
above, the following method was used; the ester and the requisite amount of 
bismuth nitrate were dissolved in the minimum amount of glacial acetic acid 
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and left to stand in t>ac«o over sulphuric acid. The bismuth compound separated 
out slowly and was filtered off and washed, first with dilute acetic acid and then 
with water, or, if the product was soluble in dilute acetic acid, with dilute 
alcohol and water. Since these compounds are so insoluble, they cannot be 
purified, and consequently it is essential that the washing must be thorough. 
A partial purification of the sodium salts may be effected by repeated solution in 
alkali and precipitation with alcohol. All preparations wore dried in vacuo 
and then in air at 100"^. Drying in vacua does not completely remove water 
from these compounds, but since the residual water is not constant for any 
particular substance, it cannot be supposed to be water of constitution. 

The most characteristic property of thest* substances is their solubility in 
alkali. Although they are all, with the exception of the citric acid and ester 
compounds, soluble iu caustic soda solution, the stability of these solutions 
varies greatly. Bismuthyl saccharic acid is stable in boiling concentrated 
alkaline solution, while bismuthyl mucic acid is decomposed by warming with 
dilute alkali. Tn all cases of alkaline decomposition a hydrated oxide of 
bismuth is precipitated A few of the bismuth compounds, notably the mono¬ 
basic sugar acid derivatives, are soluble in water. They are all insoluble in 
all organic solvents, with the exception of acetic acid, and are instantly decom¬ 
posed by mineral acids. 

Bismuthyl derivatives of tartaric acid have been known for some time, but 
since various investigators have apparently obtained different compounds 
some confusion exists. We have found that the composition of the product 
depends solely on the method of preparation, several definite compounds having 
been isolated. By treating a warm solution of bismuth nitrate in dilute acetic 
acid with a solution of tartaric acid and drying the precipitate at 110® we 
obtained the compound BiO . (• 4 H 40 eN 03 . Rosenheim and Vogelsang pre¬ 
pared a compound (Bi(C 4 H 40 «)N 035 H 20 ) by treating a nitric acid solution of 
bismuth nitrate with excess of concentrated tartaric acid solution. Our 
ccunpound contained 49*5 per cent, of bismuth, compared with the theoretical 
49*8 per cent. 

When equimolecular quantities of bismuth nitrate; and tartaric acid are 
heated together in acetic acid solution, the product is a white crystalline solid, 
which does not contain a nitro group, and can be represented by the formula 
C4H40« . BiO. 


Found :—Bi, 55-3 per cent*; C, 11 '9 per cent.; H, D30 per cent. 
Calc.:— 65*7 per cent. 11*8 per c^nt. 1 • 34 per cent. 
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Thia substance, on solution in dilute caustic soda and precipitation with alcohol, 
gives the normal sodium salt (found, 49*5 j)er cent.; calc., 49*8 per cent*). 
Baudran obtained the acid COOH . CH(OH). CH(OBiO). COOH . H^O by 
re-fluxing bismuth hydroxide with tartaric acid solution. If an excess of tar¬ 
taric a(iid is used and the above reaction carried out in a boiling solution, the 
crystalline product agrees on analysis with the cx^mpounds obtained by Rosen¬ 
heim and Vogelsang who prepared it by boiling the 49*8 per cent, acid with 
tartaric acid, and by Telle, who tried to repeat Baudran’s work (found, 38*6 
per cent. Bi; calc,, 38 5 per cent.). 

On treating the mono- and di-bismuthyl acids with hot concentrated caustic 
soda solution, a new salt is formed, which contains 68*4 per cent, of bismuth. 
This substance has recently been prepared by Oiemsa, l)y digesting bisnuith 
hydroxide with disodium tartrate solution,, and according to him may be 
represented as COONa . CHOBiO . CHOBiO . COOBiO . IHgO (68*5 per cent. 
Bi). The corresponding potassium salt was ])repared by Rosenheim and Vogel- 
sang by dissolving the bi-tartaric acid in concentrated potassium hydroxide 
solution. 

The bismuthyl compounds generally may be considered to be definite chemical 
compoun<ls, rather than loose molecular combinations, because, except in the 
case of the complex tartrates, altfTations in the (conditions of reaction and in 
the amounts of reagents used do not alter the (composition of the resulting 
product, whi(3h may be represented by a simple empirical formula. Any general 
formula for this series of compounds should satisfy the following conditions - 
1 

(1) On cautious hydrolysis bismuth is split from the ot>mplex and appears as 
a hydrated oxide. This is taken to mdi(;ate that bismuth is combined as oxide 
rather than as metal in these compounds. 

(2) The bismuth is probably combined in a non-ionisable form, since it does 
not give the usual reactions for bismuth ions. 

(3) The formula should explain the following :— 

(а) The inability of alcohols containing one or more hydroxyls to react, 

(б) The increased reactivity of hydroxy esters compared with that of the 

corresponding acids, 

(c) The possibility of preparing bismuth derivatives in which one or two 
hydroxyls take part in the reaction. 

The structure put forward by Maschmann for bismuthyl derivatives of 
alizarin appears to satisfy the above conditions more nearly than any other. 
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On this view, the structure of the bismuthyl series may be represented by a 
general formula 

0-Bi=0 



This formula satisfies eouditions (1) and (2), and (o) and (b) of condition (3). 
Alcohols cannot react, because they do not contain the requisite ketone group. 
In the case of o-dihydroxy phenols this might be formed by a single tau¬ 
tomeric change;— 


H 


HC 




C--OH 


HC C—OH 

H 


H 

C 

/ \ 

HC C-OH 


HC C==0 

/■ \ 

H H 


The carboxyl group is generally supposed to be best represented by a dynamic 
formula, such as —C H. In this state the ketone group is not fre<^ly 

\q/ 

available, but when the acid is esterified the possibility of tautomerism is 
removed and the ketone group will be fully available. 

No explanation can be given to account for the observation that sometimes 
one and sometimes two hydroxyl groups appear to take part in the reaction. 
Certain a-hydroxy-acids will not give bismuthyl derivatives under the experi¬ 
mental conditions investigated. This may be due to steric effect. GlycoUic 
acid readily gives a bismuthyl derivative. Lactic acid (methyl glyooUic 
acid) reacts to give a substance of indefinite composition. No reaction has 
been obtained with raandelic acid (phenyl glycollic acid), a-hydroxy iao-butyric 
acid (di-methyl glycollic acid), or with benzilic acid (diphenyl glycollic acid). 

Analysis .—^Analysis was usually carried out by estimating the amount of 
bismuth present. 0*2-0-5 gr. of the substance was dissolved in dilute hydro¬ 
chloric acid and the bismuth precipitated from the hot solution with hydrogen 
sulphide. The precipitate was allowed to settle, filtered off, washed with hot 
water and then with alcohol, and finally dried at 110-120®. 
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A Study of the Direct and Indirect Acticn of X-rays upon the Tissues 

of the Embryonic Fowl. 

By T. S. P. Strangeways (since deceased) (Lecturer in Special Pathology, 
Cambridge University), and Honor B. Fell, Pli.D. (Beit Memorial 
Research Fellow). 

(Communicated by Sir William Hardy', F.R.S.—Received May 27,1927.) 
(From the I.iaboratoriea of the Research Hospital, Cambridge.) 

hUrodwfLion, 

The experiments here recorded had three main objects :— 

(а) To investigate the effects of X-rays upon chick embry^os of different ages 
irradiated in ovo (Part I). 

(б) To discover how far the destructive effect of radiation upon the tissues 
is due to a direct action of X-rays upon the individual cells, and how far it may 
be attributed to an indirect action resulting from physiological disturbance in 
the organism (Part II), 

(c) To determine if possible the nature of such indirect action (Part III). 
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The authors are indebted to the Medical Research Council, by whom the 
expenses of these investigations were defrayed. 

Previous Work. 

During the last four years researches have been carried out in these labora¬ 
tories upon the action of X-radiation upon cells growing in mtro. By using 
tissue cultures as experimental material it was j)Ossible to determine the direct 
effect of X-radiation upon growing cells apart from indirect effects due to the 
irradiation of the organism as a whole (Strangeways and Oakley, 1923; 
Strangeways and Hopwood, 1926). 

The action of X-rays upon developing chick embryos has been studied by 
jseveral observers : Gilman and Baetjer (1904), Bordier and Galimard (1905),’*' 
Gaskell (1911), Colwell, Gladstone and Wakeley (1922,1926), Ancel and Vintem- 
berger (1924), Regaud, Lacassagne and Jovin (1925), It was found that 
irradiated embryos exhibited retardation or inhibition of development, and 
degenerative changes (Regaud, Lacassagne and Jovin (1925) and Colwell, 
Gladstone and Wakeley (1926)} were observed in the tissues. Mitosis was 
also affected and Gaskell (1911) showed that after exposure the number of 
mitotic figures at first underwent a progressive diminution; if, however, the 
dose had not been too severe this diminution was only temporary and after an 
interval cell division regained its normal rate. Regaud, Lacassagne and Jovin 
(1925) also described a temporary cessation of cell division in irradiated embryos^ 
but found that after larger doses mitosis, when it reappeared, was for the most 
part abnormal. 

MiUerial and Methods. 

Malerial .—The eggs employed for the first series of experiments w^ere from 
pure bred White I Leghorn stock ; for the second set of experiments eggs of Rhode 
Island red fowls were employed as the White Leghorn eggs were no longer 
available. The eggs were incubated for three different periods before being 
irradiated : (a) 20- 25 hours, (6) 6 days, and (c) 17 days. 

Radiological T€chniqm.~-FjxpoB\xtQ to X-rays was made in a special electri¬ 
cally heated incubator kept at a constant temperature of 38® C\ and regulated 
by a Hearson’s capsule. In the top of this special incubator a circular hole was 
out which during exposure was filled with a sheet of transparent celluloid. The 
eggs of 6 day and 17 day incubation were trans-illuminated before irradiation, 
and in the case of the 6-day embryos the approximate position of the developing 
chick in the egg was marked on the shell. Four eggs were exposed simultaneously. 

♦ Not inftpootwi; quoted by Colwell and Ruse (1920). 
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The eggs were arranged in a small cardboard box, with their long axes vertical 
and their larger ends uppermost, and were placed immediately beneath the 
circular window in the top of the incubator. The beam of X-rays was so 
adjusted that the central ray fell normally and symmetrically on the window. 

The exposure or incident dose given was estimated by a Friedrich’s ionto- 
quantimeter. The unit employed and designated by I e, is the amount of energy 
of a beam which will produce in 1 c.c. of air under normal conditions, an amount 
of ionisation that as a saturation current will cause a change of 1 electrostatic 
unit of quantity of electricity in the measuring system. 

The X-ray installation used consisted of an induction coil with mercury 
interrupter and a tungsten target Ooolidge tube. The following conditions 
were kept standard throughout the investigation : Alternate spark gap (point 
and plane), 15 cm. ; filter, 2 mm. celhdoid; focal distance to base of egg, 
25 cm. ; dose was given at the intensity of 5 e per minute. 

In the first series of experiments a dose of 150 e (Friedrich’s unit) was givtm 
to each batch of eggs. In the second set of (‘xperiments the eggs received a dose 
of approximately 270 c.* 

It was impossible to ensure that the younger embryos eae.h received the same 
dose as the position of the chick in the shell is different in the case of each egg. 
This unavoidable experimental error, however, was not of material importance 
since the experiments were concerned with the qualitative effects of X-radia¬ 
tion upon chick embryos rather than with the precise effect of a specific 
dose. 

Hi$tological Technique. The embryos used for histological examination 
were fixed in Allen’s modification of Bouins solution, w^hich gave good results. 
The 20-'26*-hour and 6-day specimens were fixed whole whilst from the 17-day 
specimens small representative pieces of tissue were removed for fixation. 
Sections were stained with hsBmatoxylin and (iosin and iron hiematoxylin. 

Culture Technique,- Cultures Were made by the usual (M.>vcrslip method, the 
details of which it is not proposed to set forth in this communication as the 
technique employed has already been fully described elsewhere (Straugeways, 
1924). Cultures were fixed in acetic alcohol and stained with iron haematoxylin. 
The number of mitotic figures in each culture was counted. 


* The absorption of the incident X-rays by the egg-sh-dl was measured under the 
tkmditions of the experiment and found to be approximately 40 per cent. 
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Pabt I. 

A .—Experiments on 20-25*Aowr eoibryos. 

Object of ExpeHmmtSr -To investigate the effects of radiation upon the tissues 
of embryos in which the circulation is not yet established. 

Technique.- The eggs were irradiated by the method detailed above and doses 
of 150 e or 270 e were given. Embryos were removed for histological examina¬ 
tion (tt) immediately after irradiation, and (6) after irradiation, and subsequent 
incubation at 38° C. for periods ranging from 80 minutes to 6 days. 

Results .—Essentially the same results were obtained with both doses although 
the heavier dose caused rather more pronounced changes in the tissues than the 
lighter dose. 

(а) Embryos fixed immediately after exposure. The macroscopic appear¬ 
ance of the embryos was unchanged. Sections showed a great reduction in the 
number of mitotic figures as compared with th(‘ normal, but the tissues were 
otherwise unaltered. 

(б) Embryos fixed after 80 minutes' incubation following exposure. As 
before the macroscopic appearance was unchanged. Histological examina¬ 
tion on the other hand showed more marked changes in specimens fixed after 
80 minutes’ incubation than in those which had been fixed immediately after 
exposure. Mitosis was very rare, only occasional isolated figures being found ; 
broken down cells had appeared in the tissues and were sometimes very numerous 
in specimens irradiated with the larger dose. 

(c) Embryos fixed after 24 hours' incubation following exposure. Inspection 
with the naked eye showed that the embryos were larger than those fixed im¬ 
mediately or 80 minutes after exposure, but were considerably smaller than the 
unirradiated controls. Sections showed that mitosis had returned and was 
abundant, whilst morphological development though distinctly subnormal as 
compared with the controls had advanced markedly. A varying proportion 
of the mitotic figures in 10 of the 12 embryos fixed were abnormal showing 
phiripolar spindles, fragmentation of the chromosomes and other pathological 
changes similar to those described by Strangeways and Oakley in irradiated 
tissue cultures. Other forms of cell degeneration (increase in chromatin con¬ 
tent, nuclear and cellular disintegration, etc.) were also observed in aU the 
specimens, in most cases on a very extensive scale and in places the mesenchyme 
was oedematous. 

(d) Embryos fixed after 3-4) days' incubation following exposure. (In these 
experiments only the latter dose of 270 e was used.) With pne exception these 
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speciinens showed little and sometimes no advance in development over those 
fixed after 24 hours’ incubation. They also showed a pronounced tendency 
towards cyst formation, and were sometimes represented by one or more trans¬ 
parent cysts usually containing a certain amount of blood. Mitosis w^as present 
in the walls of these cysts, and the remains of various organs, especially of the 
central liervous system, were generally recognisable, although the tissue was 
usually very degenerate. The cyst-s appear to have arisen partly by (jedenia 
of the mesenchyme and partly by the distension of the blood-vessels and amnion. 
Embryos which had not become cystic usually showed advanced necrosis. 
In two cases no embryo could be distinguished although a fairly extensive 
vascular area was present. In the exceptional case referred to above recovery 
appeared to have been complete and a normal living embryo was present. 

Summary of Results, —From the above experiments it was seen that if 20 25- 
ho\ir embryos were fixed and stained immediately after irradiation, the only 
effect observable was a great reduction in the number of mitotic figures present. 
After 80 minutes^ incubation mitosis was almost absent and numerous degener¬ 
ate cells were seen. After 24 hmirs the tissues had recovered to some extent; 
development had advanced and sections showed that there was a v^ariable 
amount of abnormal mitosis, but cell degeneration was usually extensive. In 
specimens fixed after 3--6 days^ incubation following irradiation necrotic and 
cystic changes were conspicuous, but sections showed that mitosis was fre¬ 
quently present up to the sixth day of incubation. 

J^, -~Exf€riments ou to-day embryos. 

Object of Experimenis. —To investigate the effe(?ts of radiation upon embryos 
in which the circulation is established. 

Technique.—Imdiedion was carried out as in the t^asc of the 20-25-houT 
embryos, doses of 150e or 270 e being given. Embryos were fixed (a) im¬ 
mediately after exposure, and (6) after exposure followed l>y an incubation period 
ranging from 26 minutes to 24 hours. 

Results. . (a) Embryos fixed immsdiafsly after exposure. Embryos from 

eggs which had received 150 e appeared normal to the naked eye when removed 
from the shell. Sections showed a great reduction in the number of mitotu; 
figures as compared with the control; a very small number of degenerating cells 
were present but the tissues were otherwise unaltered. 

Embryos which had been exposed to the larger dose (270 e) showed more pro¬ 
nounced changes. Macroscopical inspection often showed reddening of the 
surface and on histological examination, degenerate cells were found to be 
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quite numerous whilst mitosis was rare or absent. This difference between the 
effects of the two doses is probably due to the fact that the heavier doses took 
nearly 25 minutes longer to give, so that the degenerative changes had more 
time to appear before the end of the exposure. This suggestion was supported 
by the results of the experiment recorded belo w, which indicated that in the case 
of the smaller dose there was a latent period of about 26 minutes before marked 
degeneration was seen on sectioning. 

Embryos fixed after 26 minutes* incubation following exposure. Of 3 embryos 
from eggs exposed to 150 e and fixed after 26 minutes* incubation following 
irradiation 2 appeared normal on macroscopic examination, whilst in the third 
the blood-vessels appeared distended, especially in the posterior dorsal region 
and in the limbs. Sections showed a considerable number of degenerate 
cells in two of the specimens and a few in the third. Great attention was paid 
to the walls of the blood-vessels and in two of the specimens—one of which was 
normal in macroscopic appearance whilst the other showed distended vessels as 
described above—large numbers of breaking down cells were found in the 
delicate vascular walls. Mitosis was rare or absent. 

Embryos fixed after 52 mintUes* incubation following exposure. The eggs 
received a dose of 160 e. Two of the three specimens fixed showed large dark 
crimson blotches on the head and trunk; in the third individual the vessels 
were only slightly dilated. In the two specimens showing crimson colouration 
histological examination revealed pronounced cellular degeneration in all the 
tissues and extensive extravasation of blood. The specimen of normal 
external appearance resembled the embryos fixed after 26 minutes^ incubation 
in that there was no extravasation of blood, whilst degenerative cells were present 
in all the tissues including the walls of the blood-vessels. Mitosis was not 
observed in any of the specimens. The heart was beating in all the embryos. 

Embryos fixed after 80 mnutea* incubation following exposure. After this 
period of incubation following irradiation the embryos presented a very stiriking 
appearance; both doses {150e and 270e) gave the some results. When removed 
from the shell the clucks were seen to have changed to a dark crimson coloor 
which presented a remarkable contrast to the pale pink flesh of unixradis^ied 
controls ; the heart was usually still beating although the pulsations were 
abnormal. Histological examination showed marked changes. Ikmnnoua 
numbers of degenerate cells were seen in all the tissues and w^ especiaUy 
conspicuous in the retina, central nervous system and mesenohymer JMBtosis 
was either rare or absent. The crimson colour of the embryos was found tp he 
due to the engorgement of the supe]£okl vessels^the waUs of 
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many places'broken down and liberated blood into the surrounding tissues. 
This engorgement and extravasation was particularly well seen in the case of 
the choroid vessels of the eye. 

The circulatory disturbance might be explained as follows. A oertam pro¬ 
portion of the cells of the embryo were directly aSeoted by the action of the 
rays, and after a latent period of variable length this resulted, as described above, 
in the disintegration of the affected cells. The breaking down of many of the 
cells composing the walls of the blood-vessels might be supposed to result 
in the liberation of fibrin ferments and the blocking of the blood-vessels with 
blood clot. This would arrest the circulation, but as the heart was still 
beating the blocked vessels would become at first congested and then in places 
ruptured, with the result that blood would l>e extravasated into the tissues. 

Embryos fixed after 5 hours^ incubation following exposure. Embryos 
incubated for 5 hours after exposure in ovo to 150 e were similar macroscopically 
and histologically to those incubated for 80 minutes, except for the fact that the 
number of degenerate cells had increased and some of the tissues had begun to 
disintegrate; mitosis was absent except in one specimen in which a few abnormal 
figures were seen. 

Embryos fixed after 24 hours^ incubation following exposure. With a view 
to determining whether the 6-day old embryos recovered from the effects of 
irradiation, specimens were fixed after 24 hours’ incubation following exposure. 
The same results were obtained with both doses (150 e and 270 e). Unlike the 
20-25 hour emb^os the 6-day old individuals showed no sign of even partial 
recovery. The heart had ceased to beat and the chick was soft to the touch ; 
sections showed no mitosis ; the majority of the cells had broken down ; many 
of the tissues and organs had partially disintegrated and the blood shed into the 
tissues showed haemolysis, much of the hsomoglobin having soaked into the 
amniotic fluid which was clear and bright red in colour. 

Summary of ReauUs .—The above experiments showed that in a 6-day embryo 
fixed immediaidy after exposure mitosis was reduced after 150 e and rare or 
abs^ after 270 e. Breaking down cells were numerous in all tissues, and slight 
extravaaation of blood into the tissues was sometimes observed after the larger 
d086; 

^ incubation following exposure, mitosis was rare or absent, 

0nori00U0 numbers of toeaking down cells were seen in all the tissues, whilst 
the blood was clotted in the vessels and partly extravasated. 

Alter 24 mitoais was absent and the majority of the cells had broken 
^wn oauemg a pairrial dimnt^ation of the tissues. 
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C.— ExpenmenU on iT-day embryos- 

Ob^ of Experiments---To investigate the effects of radiation on a 17-day 
embryo as compared with the effects upon a 6-day embryo. 

Technique -—The eggs were exposed to a dose of 270 e. The embryos were 
removed from the shell for macroscopic and histological examination (a) im¬ 
mediately after exposure^ and (&) after exposure and a Bul>sequent incubation 
period of 80 minutes or 24 hours. 

Results -—Embryos removed from the shell immediately after exposure showed 
no macroscopic change. The limbs moved actively, the heart was beating 
vigorously and the body was normal in colour. Histological examination of 
the various tissues and organs showed, however, that mitosis had practically 
disappeared, although except for the presence of a few degenerate cells the 
tissues were otherwise normal. 

Embryos examined after 80 minutes' incubation following irradiation were 
also alive, with one exception, and showed vigorous muscular movements 
and pulsation of the heart. In the three specimens including the dead individual, 
the skin was distinctly red. In the histological preparations mitosis was almost 
absent, and extensive cellular degeneration was observed in the intestine and 
pancreas and less strikingly in the liver ; the retina, unlike that of the irradiated 
6-day embryo, was almost unaffected. 

Only one embryo was found alive after 24 hours' incubation following irradia¬ 
tion, but this individual showed marked hsamorrhagio changes in the legs and 
some of the viscera. The dead specimens exhibited varying degrees of redness 
of the skin, muscles and viscera ; the tissues were extremely soft, the feathers 
coming away from the skin at the least touch and the brain being a mere pulp. 
Histological examination of the dead specimens showed absence of mitosis 
and extensive cell degeneration, the latter being especially marked in the 
mucosa of the gut and in the retina, both of which had almost completely dis¬ 
integrated. In sections of the embryo which had been alive at the end of ike 
24rhour incubation period following irradiation, mitosis was present, although 
much reduced in amount, and a fairly large number of breaking down cells were 
seen; the tissues were otherwise normal. 

Summary of Resuks.—Etom these experiments it was seen that the ^ecta of 
X-raya upon 17-day embryos were very similar to, but rather less severe than the 
effects upon 6-day embryos. 

Discussion (Part Z), 

The experiments described in Part I of this conununioation showed that the 
deatructiTe effect of a given dose df X-rays upon the tissue of an embryo was 
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correlated with the age of the embryo. The first question to be decided was 
why the tissues of irradiated 6-day and (with one exception) 17-day embryos 
died after 24 hours’ inc\ibation, whilst the tissues of 20-26-hour embryos which 
in some cases had been simultaneously irradiated with 6-day specimens under¬ 
went a partial recovery during the 24 hours subsequent incubation. 

This disparity in tissue reaction might be explained in two ways : (1) That the 
tissues of the older embryos were less resistant to the action of the rays than 
the tissues of the early embryos and that the cells were therefore too seriously 
affected to permit of their recovery, or (2) that owing to the more complex 
organisation or larger size of the 6- and 17-day embryos, irradiation produced 
physiological disturbances which were absent or much less pronounced in the 
small, simply organised 20-25 hour individuals. 

In order to determine if possible which of these two hypotheses was correct, 
the experiments recorded below in Part II were carried out. 

Part II. 

The beJuimour in vitro of tissm fragnwnts from irradiated efyJbryos which had been 
incubated in ovo for mrious periods after irradiation. 

Object of Experiments, —To discover how far the destructive action of irradia¬ 
tion upon the body tissues was due to the direct effect of X-rays upon the 
individual cells. 

Series 1.—Technique. Eggs of 6 days’ incubation were exposed to X-rays 
and received doses of either 150 e or 270 e ; essentially the same results were 
obtained with both doses. After exposure the eggs were returned to the 
incubator for 80 minutes; the embryos were then removed from the shell and 
fragments of tissue from the heart, mesonephros or intestine, sclerotic with 
choroid and skin were removed from the irradiated embryos and explanted in 
vitro. 

Results,—The tissue fragments from the irradiated chicks grew readily, show¬ 
ing active outwandering and a return of mitosis (see Table II) and remained 
in a state of active growth during the 4 days for which they were cultivated. 
It will be seen from Table II that the mitotic figures were less abundant 
than in the control cultures of normal unirradiated tissue. This may probably 
be attributed to the fact that, as described above, a considerable proportion 
of the oelis in an irradiated 6-day embryo were found to be degenerate, 
or dead and disintegrated after 80 minutes’ incubation fdlowing irradiation. 
Thus the number of uninjured cells capable of recovery was smaller per unit 
tolume tissue in the irradiated than in the normal tissue. 

c 2 
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Beries 2.—Teolmique. The tedmiqtie was the same as in Series 1 except 
that the embryos all received a dose of 270 e and were removed from the egg 
after 6 Aours* incubation following exposure. Fragments of the heart, intestine, 
sclerotic with choroid and skin were removed and explanted in vUto. 

Results.—Only the sclerotic with choroid, the skin and in one specimen the 
intestine showed growth, and as will be seen from Table II the average number 
of mitotic figures present in each culture was only 3-3. 

Series 3.—Technique. Eggs were irradiated with doses of either 160 e or 
270 e and were then returned to the incubator for 21-26 hours. Fragments of 
the heart, intestine or kidney, the sclerotic with choroid and the skin were 
removed for explantation in intro. 

Results.—No sign of growth was obtained in a single culture from any of the 
11 embryos used, although the controls grew normally. 

Summary of Results, —The foregoing experiments showed 

1. That a large proportion of the cells of a 6-day embryo irradiated with 160 e 
or 270 6 and then incubated in om for 80 nainutes were alive, and when removed 
from the body and cultivated in litro, underwent mitosis and remained in an 
apparently healthy condition for 4 days (1 sub-culture). 

2. That in embryos irradiated with 270 e and incubated in ovo for 6 hours 
after exposure a smaller proportion of the cells were capable of continuation of 
life in vUrOf and the amount of mitosis was less than in the previous series of 
experiments. 

3. That tissue taken from embryos which had been irradiated with 150 e or 
270 e and then incubated in ovo for 21-26 hours, showed no trace of growth when 
explanted in vitro. 

Discussion {Part 11), 

The results of the above experiments upon the tissues of 6-day embryos 
proved that although a certain limited numl}er of the cells were destroyed by 
the direct action of X-rays, the bulk of the tissues were not killed in this way, 
but were able to recover from the efieots of irradiation when cultivated in vitro 
provided they were removed from the chick within a few hours after exposure. 
There was no evidence that the cells qua cells of a 6-day embryo were more 
susceptible to the action of X-rays than those of a 20-26-hour embryo. 

It was obvious, therefore, that with the exception of the relatively small 
number of cells destroyed by the direct action of radiation the death of the tissues 
in the 6-day embryos was the result of some indirect action. It seemed not 
improbable that the arrest of the circulation owing to the clotting of the blood 
in the vessels might be the factor chiefly responsible. Assuming this hypothesis 
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to be correct, it remained to determine the precise manner in which the arrest 
of the circulation could kill the tissues within 24 hours. This might conceivably 
be effected by the continued metabolic activity of the tissues proceeding in the 
absence of a supply of fresh material for the needs of the cell or by the aocumu* 
lation of toxic substances produced by metabolism or liberated by the broken 
down cells; such substances would probably have been removed from the 
tissue fragments taken for cultivation in vitro by washing in Ringer’s solution, 
and therefore would not have prevented subsequent growth. The experiments 
recorded in Part III were undertaken in the hope of elucidating this problem. 

Pabt III. 

A.—The effects of low temperaiures ufon the. degemraiive charvges induced 
by X-rays in 6-day embryos. 

Object of Experiunmts ,—To show whether the inhibition of metabolism after 
irradiation would prevent the death of the tissues. 

Series L—Technique. The eggs after 6 days’ incubation were exposed to a 
dose of 270 e, after which they were placed in cold storage at 0° C. or 6® C., for 
periods of 80 minutes, 6 hours and 24 hours. When removed from the cold 
storage the embryos were taken from the shell and fixed and sectioned, 

Re8ults,”--Irradiated embryos removed from the shell after being kept at 
0® C. for 80 minutes, 5 hcrurs, and 24 hours following exposure appeared to the 
naked eye unaltered or slightly red. Sections presented the histological appear¬ 
ance of irradiated individuals fixed immediately after irradiation, i.e,, mitosis 
was absent, a comparatively small proportion of degenerate cells was seen and 
the tissues were otherwis<? unchanged. 

The two irradiated embryos fixed after being kept at 5^^ C, for 24 hours after 
irradiation showed rather more change, a comparatively large proportion of 
degenerate cells being seen ; they nevertheless presented a striking contrast to 
individuals fixed after incubation for 24 hours at 38"^ C. (see p. 16), and it was 
found that the degenerative changes in the specimens kept at 6® C. for 24 hours 
were considerably less pronounced than those observed after 80 minutes’ 
incubation at 38® C. 

Series 2.—Technique, Four embryos were irradiated simultaneously with 
a dose of 270 e, after which two were returned to the warm incubator for 6 Aemrs, 
and two were placed in the refrigerator at 0® C. for 6 hours. The embryos were 
then removed from the egg and fragments of the heart, sclerotio with choroid^ 
intestine and skin were explanted in vitro. These experiments were repeated 
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with foxir irradiated embryos, two of which were incubated for 21-25 hours af) 
C., whilst the other two were kept at 6° C. for 21-26 hours. As before, tisspe 
fragments were explanted from all four embryos. 

Results.—In the case of the embryos kept in the cold for 6 hours fairly good 
growth was obtained from all the four tissues cultivated. On the other hand, 
as already described in the case of the embryos incubated at 38° C. for 5 hours 
no growth took place from the heart in any culture, growth was obtained from 
the intestine in one embryo only, whilst growth with scanty mitosis was obtained 
in all cases from the choroid with sclerotic and from the skin. None of the 
fragments from either embryo incubated for 24 hours at 38° C. showed any sign 
of growth, whilst fair growth with mitosis was obtained from all four tissues in 
the case of the embryos kept at 5° C. for the same period. 

Summary of Results. —The results showed that in 6-day embryos irradiated 
with 270 e the degenerative changes produced in the tissues by the indirect 
action of X-rays were greatly delayed, if not completely arrested, by maintain¬ 
ing the irradiated embryo at a low temperature after exposure and thus inhibiting 
metabolism. Tissue fragments removed from embryos kept at a low tempera¬ 
ture for as long as 26 hours after irradiation showed fair growth with mitosis 
when cultivated in vitro. 

B.— The effect upon (issue-growth of extracts of irradiated 6-day embryos nicubated 
at 38° C. for 24 hours after exposure. 

Object of Experiments. —To show whether the death of the tissues was due to the 
accumulation of toxic substances either produced by metabolism or liberated 
by the cellular disintegration following irradiation and subsequent incubation. 

ExperimerU 1.—Technique. Two eggs of b-days’ incubation were irradiated 
with a dose of 270 o. After exposure the embryos were incubated in ovo for 
21-26 hours at 38° C. and removed from the shell in the usual way. Fragments 
of the heart, intestine, sclerotic with choroid and skin wore removed and 
explanted in vitro. From the remaining tissue of each embryo a saline extract 
was prepared in the usual way, a reddish translucent liquid being obtained. 
Fragments of the heart, intestine, sclerotic with choroid and skin from a normal 
embryo were then cultivated in a medium composed of one drop of the extract 
mode from the irradiated embryos and one drop of plasma. 

Results.—^When removed from the shell the irradiated embryos were red in 
colour^ the heart had stopped beating, and the amniotic fluid was coloured with 
haemoglobin; the flesh was of very soft consistency. No growth was obtained 
from any of the cultures made from these specimens, indicating that the cells were 



24 


T. 8. P, Strangeways and B. Fell, 

dead. On the other hand, the normal tissue fragments cultivated in medium 
obtaining saline extract made from irradiated embryos grew as well as the 
controls for which normal embryonic extract was used, and showed active 
mitosis, 

SospeHimrU 2.—Technique, A 6-day embryo was irradiated in ovo with a dose 
of 160 e and was then incubated for 24 hours. At the end of this period the 
embryo was removed from the shell and tissue fragments were explanted in 
cftro, whilst from the remains of the chick a saline extract was prepared. Frag¬ 
ments of the heart and sclerotic with choroid of a normal embryo were then 
explanted in vitro into a drop of the extract made from the irradiated embryo, 
no plasma being added. 

Besults.—The tissue fragments from the irradiated embryo showed no growth 
in vUfo but normal embryonic tissue grew very readily in the extract made from 
tile irradiated chick. 

Experimmt 3.—Technique. A 6-day embryo was irradiated with a dose of 
270 e, incubated in ovo for 24 hours, and then removed from the shell when it 
was found to be of soft consistency and red in colour. It was then finely minced 
and transferred to a centrifuge tube without the addition of saline and centri¬ 
fuged at high speed for about 20 minutes; a supernatant fluid of a bright red 
colour was thus procured. Fragments of the heart and sclerotic with choroid 
from a normal O-day embryonic chick were cultivated in vitro in drops of this 
fluid without the addition of plasma. 

Eesults.—The cultures of normal tissue grew vigorously in the fluid obtained 
from the irradiated embryo. 

Summary of —^From the above experiments it was seen that normal 

tissue would grow readily in the extract of an irradiated 6-day embryo incubated 
in ovo for 21-26 hours following exposure even when such extract was undiluted 
witii saline. These results showed that the death of the tissues of an irradiated 
frday embryo was not due to the formation of stable non-volatile substances. 

C. —The effect of exposure to the air upon tissues of an irradiated G-day 

etnbryo. 

Olyect of Experiments, —To show whether the death of the tissue could be 
prevented by permitting gaseous exchange, 

Teehniqm, —Ten embryos were irradiated in ovo with 270 e; nine of these 
embryos were removed aseptically from the shell immediately after exposure, 
whilst the tenth egg was returned unopened to the incubator (38® C.) for 24 
hours. Two of the specimens removed immediately were then partiy tom to 
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pieces so as to expose to the air as large a surface as possible \rhilst the other 
seven were kept whole. The nine embryos were then incubated at 38® C, in 
moist chambers under sterile conditions for 24 hours. Two of the seven whole 
speoimena were fixed and sectioned, the other seven embryos together with the 
irradiated specimen incubated in ovo for 24 hours were used for cultivation, 
fragments of the heart, intestine, sclerotic with choroid and skin being explanted 
in vitro. Two normal unirradiated embryos were removed from the shell 
and incubated for 24 hours in a moist chamber in a similar way to serve as 
controls. 

Results ,—Macroscopic examination showed that the pulsation of the heart 
had stopped in all 10 embryos ; in 2 of the embryos incubated in a moist chamber 
a certain amount of reddening was already present immediately after exposure, 
but after the 24 hours* incubation period this had not increased, and the 
remaining embryos were of normal colour; the embryo incubated in ovo 
showed the usual reddening; the consistency of all the embryos was soft. 

It was found that none of the cultures made from the irradiated embryo 
incubated in ovo showed any signs of growth. Cultures made from one of the 
torn-up individuals also showed no growth whatever. In the case of the other 
'embryos incubated in a moist chamber very fair growth with mitosis was obtained 
in every case from the cultures of the sclerotic with choroid from both the ir¬ 
radiated and control specimens ; a single heart fragment from one of the torn-up 
irradiated embryos and a single heart culture from one of the controls showed a 
rather poor scattered outgrowth with no mitosis ; growth from the skin was 
obtained from one irradiated and one control embryo; a single culture of the 
intestine from one of the control individuals showed slight growth. 

Sections of the fixed embryos showed that the greater part of the body con- 
iaisted of extremely degenerate tissue in which mitosis was absent. Immediately 
beneath the surface in the dorsal and dorso-lateral regions there was a layer of 
tissue in which degeneration, though marked, was very much less pronounced ; 
this layer was in most places fairly sharply demarcated from the underlying, 
highly degenerate tissue described above, and in some areas mitotic figures, 
usually of a somewhat abnormal type, were not uncommon. The dorsal part 
of the sclerotic and in one specimen some of the distal cartilages of the limbs 
.appeared almost normal whilst a short piece of the intestine which accidentally 
had been pulled through the body wall also appeared comparatively healthy 
and contained mitosis. The entire brain was degenerate, but the necrotic 
ohanges were considerably less advanced in the superficial parts than in the 
tissue lying more remote from the skin. 
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Summary of Results. —These specimens showed that although tissue cultures 
from an irradiated 6**day embryo incubated in ovo at 0* for 24 hours in no 
case showed the slightest signs of growth, yet tissue cultures of the sclerotic 
with choroid of similar embryos exposed to the air in a moist chamber and 
incubated at 38® C. for 24 hours, with the exception of cultures from one embryo, 
grew readily, showing active outwandering and mitosis. 

Discussion (Part III). 

From the results of the experiments described in Part III it was evident that 
the degenerative changes induced in the tissues of G-day embryos by X-rays 
were intimately related to cell metabolism, since they were inhibited or greatly 
retarded when metabolism was arrested by low temperatures. It was also 
clear that the lethal action of the rays was not due to the formation of stable 
toxic products. The results of the experiments in which irradiated embryos 
were incubated for 24 hours while being exposed to the air of a moist chamber 
instead of in ow, indicated that the death of the cells was due, in part at least,, 
to an absence of gaseous exchange in the tissues of the irradiated chick when 
incubated in the shell. Such inhibition of gaseous exchange ^ould result 
from the clotting of the blood in the vessels shortly after irradiation, as described 
in Part I. On the assumption that the rapid degeneration of the tissues of a 
6- or 17-day embryo was due to the inhibition of gaseous exchange owing to 
the arrest of the circulation, then the contrast between the effect of radiation 
upon the tissues of the older 6-day and 17-day embryos and the effect upon 
the younger 20-25-hour individuals in which a circulation was not yet estab¬ 
lished is easy to understand. 

It is unlikely, however, that the inhibition of respiratory exchange is the only 
destructive effect of radiation since the recovery of the 20-26-hour embryos, aa 
described, was only partial and temporary. It was found, moreover, that in 
the case of the irradiated 6-day embryos degenerative changes took place much 
more rapidly than in a normal G-day individual in which the circulation had 
been arrested by extirpation of the heart or ligation of the umbilical cord. Tina 
problem requires further experimental investigation. 

Genekal Summary. 

Part L 

1. The effect of X-radiation upon 20~26-^ir entbryos. 

(a) Mitosis was very much reduced in embryos fixed immediakly after ex¬ 
posure. 
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(6) Mitosis was practically absent in embryos fixed after 80 minutes* incuba¬ 
tion following exposure, and with the heavier doses considerable cellular 
degeneration was present. 

(c) Embryos fixed after 24 hours* incubation following exposure had under¬ 
gone a partial recovery as represented by the return of mitosis and an advance 
in development. 

(d) After 48 hours* incubation following exposure cellular degeneration was 
usually advanced and normal development was, with one exception, arrested. 

2. The effect of X-radiation upon ^-day efnbryos, 

(а) Embryos fixed immediately after exposure showed a striking reduction 
in the number of mitotic figures. 

(б) Degenerate cells began to appear in the tissues immediately (larger doses) 
or (smaller doses) 26 minutes after irradiation. 

(c) After 80 minutes* incubation following exposure the blood was found to be 
clotted in, and in part extravasated from the vessels, probably as the result of 
the liberation of ferments by the broken down cells in the vessel walls. Mitosis 
was almost or completely absent. 

(d) The tissues of embryos incubated for 24 hours after irradiation showed no 
sign of recovery, and were in a state of partial disintegration. 

3. The effect of X-rad^iation upon 17-day embryos. 

(а) In tissue fragments fixed immeduUely after the exposure of the embryo 
mitosis was rare or absent. 

(б) Tissue fragments from irradiated embryos which had been incubated for 
80 imnutes after exposure showed an almost complete absence of mitosis and the 
presence of degenerate cells, which were especially numerous in the intestine. 

(c) Aiter 24 hours* incubation following irradiation the embryos with one 
exception were dead and the tissues highly necrotic. 

Part IL 

1. Tissue fragments removed from an irradiated embryo which had been 
incubated for 80 minutes after exposure imderwent at least a partial recovery 
when cultivated in vitro and showed active outwandering and a return of 
mitosis, 

2. The tissues of an embryo which had been incubated in ovo for 24 hours 
after exposure were dead and did not grow when explanted in vitro* 



28 ■ Action of X-Rays on Tissues of Embryonic FowL 

Part III. 

1. The degenerative changes induced by X-rays were almost, if not com¬ 
pletely, arrested at S'’ C. 

2* A concentrated extract of an irradiated embryo which had been incubated 
in ovo for 24 hours after exposure had no inhibitory effect upon normal tissue 
growth in vitro. 

3, If an irradiated embryo were removed from the shell immediately after 
exposure and incubated for 24 hours in contact with the air in a moist chamber, 
fragments of the sclerotic with choroid and, in one case, pieces of the skin showed 
growth and mitosis when explanted in vitro. 

General Concl^mons. 

The results of the experiments recorded above indicate that:— 

1. The destructive effect of a given dose of X-rays upon the tissues of an 
embryo is correlated with the age of the embryo irradiated* 

2. With the exception of a relatively small number of cells destroyed by the 
direct action of radiation the death of the tissues in 6-day embryos is due to an 
indirect action. 

8. There is no evidence that the cells, qua cells, of a 6-day embryo are more 
susceptible to the action of X-rays than those of a 20-26-hour embryo. 

4. The degenerative changes induced in the tissues of 6-day embryos by 
X-rays are intimately related to cell metabolism, since they are inhibited or 
greatly retarded when metabolism is arrested by low temperatures. 

6. The lethal action of X-rays is not due to the formation of stable toxic 
products. 

6. The death of the cells in irradiated O-day embryos is due, in part at 
least, to the absence of gaseous exchange in the tissiies of the chicks when 
incubated in the shell; such an inhibition of gaseous exchange would result 
from the clotting of the blood in the vessels shortly after irradiation. 
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The Greatest Allowable Speed of Movement.—Qon^dei a series of ** sitnilar 
of different size and let the linear dimensions of any individual of the 
series be chacterised by the length 1. Let M be the mass of one of its limbs, 
and V the greatest velocity it can attain in that limb. Then the momentum of 
the limb is proportional to Mv. Now this momentum is created at the beginning 
of a movement, or destroyed at the end of a movement, by a force F acting for a 
time t ; and we may write, neglecting constants, 

Mv = F^. 

Now the time occupied in producing or checking a movement, is propor¬ 
tional to Ijv, while M is proportional to f’, so that, again neglecting constants, 

Pv = F/ /v. Hence = F 

Now the strength of the structures of an animal is proportional to the cross- 
sections of bones^ muscles, tendons, joints; if the force exerted in starting or 

♦ Work done during the tenure of a non-resident lectureship in Chemistry at Cornell 
XJniverrify. 
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stopping each movement of a limb be too great, breakage in these structures trill 
occur. The maximum force Fo, therefore, which the animal dare exert is pro¬ 
portional to P ; hence the maximxim velocity Vq which it can develop, or check, 
in its parts, without danger of breakage, being from above proportional to 
FIf, is constant and independent of the dimensions of the animal. In other 
words, similar animals built of similar materials, should, whatever their size, 
have the same maximum linear velocity of movement. “ Similar animals are, 
of course, a mathematical abstraction; the racehorse and the greyhound, 
however, are built to the same general pattern, and they have roughly the same 
maximum speed ; the cat is not so very much slower than the tiger ; even the 
kangaroo and the grasshopper would not differ very widely in their achieve¬ 
ments at the standing broad-jump. 

The reason why any animal, including man, is not able to move faster, however 
great an advantage to him it might be, is that if he did so he would tear his 
tendons, break his bones, “ pull his mustdes, strain his joints. Indeed one of 
the problems of an athletic coach is to save his best short-distance runners from 
doing these very things. The first-rate sprinter has a much smaller margin 
of safety than more normal men. 

The automatic brake ” or governor ” which prevents too rapid a move¬ 
ment is inherent in the muscle fibres, and is not produced by reflex activity of 
the nervous system, as is, for example, the reciprocal inhibition of antagonist 
muscles. General reasoning tells us that such a regulator must be present if an 
animal is to survive, and it is found to be a universal and essential part of the 
muscular machine. Its nature has been widely investigated of late, under 
the general title of the ‘‘ viscous-elastic *’ properties of muscle (1)(2). 

The Viscomty of Hmmn Mmdes, —It notoriously requires more energy to 
walk or run a given distance fast than slow. If a muscle fibre shortens qtlickly 
it does less work than if it shortens slowly, consequently if the same external 
work has to be done more muscle fibres have to be excited. The arrangement 
provided to prevent us from moving too fast is the same as makes a higher speed 
more wasteful. 

The work done by a human muscle in shortening can be expressed as a simple 
function of the speed (3)(4). Let the work done in a maximal effort in an 
infinitely slow “ reversible shortening be ; it is assumed that all the fibres 
of the muscle are innervated. If the same effort be made, Imt the shortening 
be conducted at speed v, the work doue W will obey the relation 


W ^ Wo (1 - vio) 
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whero c is the greatest possible speed of shortening of the unloaded musole. 
When a musole ahortims it changes its shape; its molecules or parts have to 
flow into a new configuration ; the change is hindered by the hysteresis of the 
molecular system of the musole substance, by what we have called its “ viS' 
cosity,” and experiment has shown that, with human arm muscles, the above 
equation is sufficiently accurately obeyed. 

In all the experimental work performed on the subject the contractions 
employed have been maximal. The only reason for this is a technical one, 
namely, that the maximal is the only constant muscular effort which it is possible 
to reproduce exactly, whether in isolated muscles, in animals, or in men, by 
“ constant muscular effort being implied the response of a constant number of 
muscle fibres. There can, however, be no doubt that were we able to cause any 
given fraction 1 /p of the fibres to contract actively, then the same equation would 
apply with Wj, merely altered to W(,/p. It was imagined, early in the investi¬ 
gation of these effects (3, p. 37), that the vis(;oaity involved was that of the 
resting muscle fibre, so that if a smaller numlwjr of fibres were involved in a 
contraction the maximal work would be less, but the viscosity would remain the 
same ; in other words, the active fibres would have to overcome not only their 
own viscosity but also that of their neighbours. In that case the equation 
would be 

W =. W,/p -- Wot;/c, 

whereas, in fact, it is 

W W,/p (1 ^ vjc). 

The reason for adopting the second equation, rather than the first, for a 
submaximal contraction, is that the viscosity of an active fibre is so much 
greater than that of an inactive one that the latter, practically speaking, can 
be neglected (see Gasser and Hill (5, p. 417)). 

Let us imagine that we have to lift a constant load, or to overcome a con¬ 
stant resistance, at a series of different speeds. At a low speed a small number 
of muscle fibres will be sufficient to undertake the task, since, shorteningslowly, 
they will all do a large fraction of their maximal work. At a higher speed a 
large number of muscle fibres will be required, since each, shortening more 
quickly, will do leas work. At some high speed all the fibres will be required. 
Let the work to be done be W and let the ** reversible ” work of each fibre be 
Let n fibres be required to do the work at speed v. Then 

W^nw^{l-vlc) 

W 


n — 
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Tbe ntmber n of fibres needed to do the work at the required speed is a 
measure of the physiological effort made by the musclci and we see that as v 
becomes larger the number of fibres continues to increase, until finally all the 
fibres in the muscle are employed. Thus a task W which is easy when carried 
out slowly may become exhausting when carried out rapidly, for a greater number 
of fibres will be required, which will result in greater chemical activity, greater 
oxygen requirement, and greater lactic acid production. 

In the case of relatively slow movements, such as rowing, another factor is 
involved, namely, the energy expended by a muscle in maintaining its con¬ 
traction. Jf the contraction be too slow this may more than counterbalance 
the advantage of using less fibres. Let H be the total energy given out by a 
muscle stimulated isometrically at its resting unloaded length for time U Then 
approximately 

H = 2nwQ (1 + 

where n and have the same meaning as before, and 6 is a constant depending 
on the characteristics of the muscle. H is known to be affected, to some degree, 
by allowing the muscle to do work (Fenn (6) (7)); hence, strictly speaking the 
above formula cannot be applied to such a case. As an approximation, how- 
'ever, we may apply it, and so we find that the mechanical efficiency is 

E = — t?/c) 

2nw^^ (1 + bl) * 

Now approximately v is proportional to 1 /^, if the contraction ends mth the 
movement; so putting v/c =: hji we finally have 

E = ^ 

2 (1 + bt )' 

This expression has a maximum for a certain tinie t = ; thus there is a 

most efficient speed, at which any given piece of external work can be 
accomplished with the least expenditure of energy. The work W being given, 
Wj. the “ optimum ’’ number of fibres required for it can be calculated, 

1 — kjt^ 

It should be noted that here we are concerned with a given amount of external 
work W in the strict sense, not with such a task as walking or running a given 
distance. In such forms of exercise as running or walking on the flat, where 
there is no external work done, apart from the small amount involved in over¬ 
coming air resistance, and where there is no “ most efficient speed, the above 
argument fails. The whole of the mechanical energy liberated is used in over- 
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coming the frictional resistance of the body itself, particulmly the viscosity ’’ 
of the muscles. Work has to be done in producing and destroying kinetic 
energy in the alternating movements of the limbs. This kinetic energy is pro¬ 
portional to so that in running at speed v, mechanical energy has to be 
expended per yard covered proportional to v^. This must b(i derived from the 
work W in the equation 

W = hu'q (1 — vjc), 

so that writing W as where a is a constant, the physiological effort*, per 
yard covered, is given by 

av" 


Now in running the movements are so rapid that no appreciable amount of 
tmergy is used in maintaining contraction in muscles ; it is all used in setting up 
contraction. Thus the total energy requirement per yard is proportional to 
the physiological effort hwq, and therefore to 

1 -- vie 

while the total energy requirement per second is proportional to 

1 -- v/c* 

since the numl>er of yards covered per second is proportional to v. 

We see therefore that the oxygen njquirement per second of running should 
vary more rapidly than the cube of the speed, and this has actually been found 
by Sargent (8, p. 17) who states that it rises approximately as the 3*8th power 
of the speed. 

The above argument is only very general and no exact results could be 
expected from it; changes of stride and style will undoubtedly occur with 
changing speed : it shows, however, without going into details, why so much 
more energy is expended in a more rapid run or walk. 

The Eqtmtim of Motion of a Riiniwr exAifting a Maximal Effort,- .Let M be 

the mass of a runner and let us assume that he can exert a maximum force F in 
propelling himself horizontally on a track. Since, in general, F will be pro¬ 
portional to his weight, we may write 

F-/Mr/, 

where / is a constant of no dimensions, characteristic of the build, strength, 
skill and fitness of the subject. It will be found usually to vary between 0-5 
and 1 *0. If there were no resistance inherent in the muscles and limbs of the 
VOL. cii.—B. 
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runner the acceleration would remain large and he would rapidly reach an 
enormous velocity. Fatigue, of course, soon coxaes on, but not so soon as to 
prevent the attainment of a very high speed. Actually in a trained man fatigue 
has no effect up to 70 yards at top speed, and a maximum velocity is practically 
attained in about 50 yards. The resistance which rapidly brings his velocity 
to its constant “ limiting value is that due to the viscosity of bis muscles. 

The force inherent in a human muscle which resists its rapid shortening is 
proportional to the speed of its movement; it will clearly, other things 
being equal, be proportional to the size of the muscle, and therefore for similar 
individuals to the mass of the body. Thus the “ viscous ** resistance may be 
taken conveniently as TAv/a, where o is a constant and v is the velocity. This is 
true only for maximal efforts, since for sub-maximal ones the number of muscle 
fibres involved is arbitrary, and the frictional resistance is mainly confined to 
the active muscle fibres. The quantity a has the dimensions of time. 

We are now in a position to write down the equation of motion of a subject, 
up to the stage when fatigue begins to come in. Let y be the distance run in 
time t, the subject being assmued to be exerting himself to the utmost of his 
powers throughout. The equation is, 


or dividing by M, 


dt* ^ ^ a dt’ 

dt^ adt 


This equation can bo integrated, 

y ‘=‘f9d —a (l — 

and the velocity at any time can be written, 

We see that the velocity attains its limiting value,/j^, ^ong an ejqwnential 
curve, and once this limiting value has been practically attained the distance 
covered increases uniformly with the time: it becomes fga (t — a). Thus 
the total time-lag due to inertia acting up to the moment when tite wiayfaniim 
velocity has been attained, is easUy seen to be a; so ^t if our subjeet j|ere 
able instantaneously to start up with his full veleeity/pa he would ronvany 
distance cd 80 yards or more in a seoondsless than he does in aotosl fitot. 

We have neglected one factor here: the aluKdate latent period cd the stthjeot’s 
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movements. It requires a certain time for the order “ Go to be signalled to 
his brain, and to be sent back to his muscles, and for these to develop their 
maximum force in response. Let this latent period be b. b is very small in 
a trained athlete, but may be much more in others. The total lag in starting is 
reaDy {a + b) seconds, and by t in the above equations we must understand the 
time measured from the moment when the muscles have developed their 
response to the signal “ Go.” 

The Electrical Timing of Runners .—It seemed desirable to test this reasoning 
and these formute by actual experiments on athletes. The principle adopted 
was to time trained runners, exerting their maximum effort, over a series of 
distances along a horizontal track. 

If a vertical plane coil of wire arranged parallel to a track be connected with 
a galvanometer, and a runner carrying a magnet approach it, the magnet will 
induce a current in the coil which can be recorded by the galvanometer. The 
induction from the magnet increases up to the moment when the magnet lies 
in the “ meridian ” of the coil, and then diminishes again as the runner moves 
on. Thus the current induced changes sign as the runner passes through the 
meridian of the coil. 

With a very rapidly moving galvanometer the record would be a diphasic 
one. With an ordinary moving-ooil galvanometer, however, which cannot 
follow such rapid currents the record appears as a single wave (see fig. 1) with a 
sharp peak. The more rapid the galvanometer the less lag there will be in this 
peak. In the present experiments the instrument employed has been a Moll 
moving-coil instrument of complete period 0 *8 second, made by Messrs. Kipp en 
Zonen, of Delft, Holland. The top of the wave represents the change over 
from a positive to a negative induced current, and therefore (with a certain 
small lag—see below) the moment at which the magnet passes the meridian of 
the coil. The narrower the coil, and the closer the magnet comes to it, the 
sharper will be the peak of the wave recorded by the galvanometer. 

The coils employed were about 60 cm, high and abotit 40 cm. wide. They 
were placed parallel to the track and at intervals along it. In all experiments it 
is desirable to have a number of them near the start, in order to determine the 
initial acceleration of the runner; and in most cases 10 coils have been employed 
at distanees from the start of 1, 3, 6, 10,15, 20, 30, 40, 50 and 60 yards. In 
other cases 15 coils have been used for studying the onset of fatigue, and these 
have been placed at 1, 3, 6,10, 16, 20, 40, 60, 80,100,120,140,160,180 and 
200 yards* The coils were mounted on stands so that their centres were about 
chest high. Each of them consisted of 200 turns of insulated copper wire, 

n 2 
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from right to loft and from top to bottom. Distanoes ore given in yards by tiie side 
of or beneath tho several waves. The oross-lines mark time in units of 0'683 second. 
The peaks of the waves are marked in for ease of measurement. The subjeot was 
started by a pistol, and the starting signal was made by an observer standing near the 
starter. 

0 -016-inch diameter, and they were all connected in series with the galvanometer 
by flexible wire. 

The recording arrangements were as follows:—A beam of light from a lamp 
passed through a narrow slit, to give a vertical line, and was reflected from the 
mirror of the galvanometer into a camera. There it was concentrated by a 
cylindrical lens to a spot, which traced out a line on moving bromide paper. 
The camera was of the kind commonly employed with the string galvanometer 
(electrocardiograph) and was driven by an electric motor. It was not necessary 
to darken the room. The paper after exposure dropped through into a box 
below, where it could be cut ofl, and then taken to the dark room to be developed. 
A time marker (metronome) cut off the light momentarily every J second (about) 
and so left a narrow gap in the record by which tho latter could be meaSt^Nl 
up to the nearest 1/200 second. The cross lines shown in the record (flg. 1) 
were ruled in afterwards, through every alternate g^p, to facilitate tneasure- 
ment. 
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The magnet employed was one or more hack-saw blades, with teeth ground 
off, and magnetised in a solenoid. It was tied round the chest, or the waist, 
of the subject with a string or tape. The runner should keep within 1 or 1| 
yards of the coils to insure a good sharp record. 

To record the start, an electric switch is opened by the starter at the same 
moment as the signal “ Go ’’ is given, or else by an observer at the moment the 
pistol is fired. This breaks the primary circuit in a transformer, and a current 
is induced in the secondary. To make the rec/Ord smaller and more sudden 
this induced current is put through a second transformer, and the second in¬ 
duced ciu^rent r\ins through the cjoil-galvanomoter circuit. The upstroke of the 
starting signal is extremely sudden and can be read to 0 *002 second if desired. 
If it were required to make the upstroke automatically simultaneous with the 
order to start an electric switch could be included in the pistol. 

Lag ,—To determine the lag with the particular galvanometer used two coils were erected 
about 6 yards apart on a track and the middle point between them carefully marked. A 
subject carrying a magnet ran at a constant 8|>eed of about 7 yards a secomi along the track, 
and the record of his passing the two coils was made by the galvanometer. At the moment 
of his passing the middle point an observer pressed the starting switch and made a sharp 
up-stroke on the record. The lag in this up-stroke itself is negligible, while the observer, 
who could sec the runner approaching, should have had on the average no lag in recording 
the moment of his passage. In 30 such observations the signal appeared to occur in the 
mean 0 • 127 second earlier than the moment half way Iwtween the two coil-records. The 
probable error of this mean value was small—only about 0-004 second. We have e^umed, 
therefore, that there is a lag of 0*13 second in each observed time (except the start) and 
subtracted this from all the times. Strictly speaking this correction should apply only to 
the (tase of the particular speed of passing the coils at which it was determined. At lower 
and higher speeds there is probably some small error still remaining. This may have caused 
a veiy slight distortion of the shape of the distance-time curves recorded. The lag could 
only be completely eliminated by employing a more rapid galvanometer. 


The consistency with which records can be reproduced by a man in training 


is remarkable. A subject ran four times in the same afternoon, at intervals of 


a qiuarter of an hour, with results given in the following table. {Starting signal 


simultaneous with “ Go.’') 


PUtance, yards: 
Time, seconds t 



1 

3 

0 

10 

15 

20 

30 

40 

60 

60 

f (l) 

0-64 

0-96 

1-46 

1-99 

2-69 

3-17 

4-25 

6-30 

6-36 

7-43 

J (2) 

0-60 

0-94 

1*43 

1-97 

2-69 

316 

4-23 

6-29 

6-38 

7-46 

1 (3) 

0-49 

0-91 

1-41 

1-96 

2-68 

314 

4-23 

6-30 

0-40 

7-47 

1 (4) 

0-64 

0-94 

1-43 

1-97 

2-67 

3-14 

4 22 

5-28 

6-36 

7-37 

Mean 

0-62 

0-94 

1-43 

1-97 

2-59 

3-16 

4-23 

6-29 

6-38 

7 43 


The average difference between the mean and the observed time for any 
distance is only 0*014 second. The same consistency was obtained in other 
eases. 
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The chief external force to be overcome in running on the flat is that due to 
the resistance of the air. At veiy low speeds this resistance varies as the 
relative velocity of object and air; at such speeds as we are oonoemed with in 
rtuming, and up to 600 or 700 feet per second, it varies as the square of the 
relative velocity. Thus a head-wind of 10 miles per hour against a runner 
going 20 miles per hour will increase the resistance 2^ times. Now it is well 
known to runners that a head-wind has a slowing effect—a wind of 10 miles 
per hour might be expected to increase the time in 100 yards by a few tenths of 
a second. Conversely a following wind is an aid. We may calculate that a 
wind of 10 miles j)er hour behind a runner, going 20 miles per hour, will reduce 
the air resistance to and it is found in practice to diminish the time by a few 
tenths of a second. The effesets, however, which are produced by wind are so 
relatively small—though of course important enough when it comes to record 
breaking—^that no large part of the resistance which the muscles have to over¬ 
come can be attributed to the air; a 2 or 3 per cent, decrease in velocity can 
mean but a very small increase in total resistance. The only other external 
resistance is that caused by unevennesses in the ground, and this must be 
negligible on a good track. 

Thus, the main part of the resistance encountered by a man running on the 
flat must be due to frictional forces inside the body itself. These frictional 
forces, clue to what we have called ‘‘ viscosity ’’ in the active muscle fibres, 
vary directly as the speed of movement, and so fall into the equation used almve 
to describe the motion of a runner. Any correction to this equation, on account 
of other forces not varying in this way, will be small and, so long as we are 
dealing with a first approximation only, can safely be neglected. 

It is possible, as a matter of fact, to fit the equation to the observations with 
a high degree of accuracy. Taking/jfu as 9*43 (in yard-second unite) and a 
as 1-09, the distances calculated for the observed mean times in the above 
table compare with the observed distances as follows 


Observed . 1 3 6 10 15 20 30 40 00 60 

OriouUted.. 0-97 2*99 6*06 10*07 16*20 20*10 29*9 39*» 60*0 69*9 


The average difference between observed and calculated distance is 0*086 
yard, that is about 3 inches, and the coils themselves are not placed much more 
accurately than that. No better agreement could be expected. The observa¬ 
tions have been fitted by the equation in this way in dozens of experiments, 
and the accuracy in the above case is not in the least exceptional. 

It is obvious that in a short race we may regard an atUete as being propelled 
by a constant force, and resisted by a force proportional to his speed. Thaa, 
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like a ramdrop falling throiigh the air, he rapidly attains a certain limiting 
speed, and this speed remains constant until fatigue causes it to fall off. The 
values oifga and a are determined by fitting the equations to the observations. 
The value of fg can be calculated from fga and a by division. On dividing 
further by g (10-78 in yard-second units) we obtain the value of the force 
exerted in terms of the weight of the man. 

In the above case the propelling force was 0 *806 of the runner's body-weight. 
The highest value hitherto observed is 0 *92, the lowest 0*51. We see therefore 
that the motion of a runner making a maximal effort can be described in terms 
of two quantities: (i) the propelling force, which is constant, and (ii) a resis¬ 
tance proportional to his speed at the moment considered. 

From the propelling force the mechanical work performed can be calculated. 
Let I be the horizontal distance run, then the work will be Expressing 

the results in ordinary engineering units, if M be the runner’s mass in pounds 
and Z the distance run in feet, the work done will be /M^Z foot-poundals, or/MZ 
foot-pounds. If / be 0 *85, a value typical of a good short-distance runner, 
and Z be 300 (100 yards) the work done by the subject will be 255 M foot-pounds, 
that is enough to raise his body 265 feet vertically upwards. If M be 160 pounds, 
this becomes 40,800 foot-pounds; if, further, the time for the 100 yards be 
10 seconds, the work done will be 4,080 foot-pounds a second. One horse¬ 
power is 660 foot-pounds a second, so that such a runner will be developing 
about 7*4 horse-power of mechanical energy while running at the speed con¬ 
sidered. It is obvious why fatigue comes on so rapidly during exercise of this 
character. 

In fitting the equation to observations made in this way the following method has been 
found oonvenient. Without some such procedure much time will be wasted. 

The mAyimum speed is determined, either by plotting the points and laying off the line 
of greatest slope, or by direct oalouUtton from the intervals. This gives the value of fga. 
A value of a is then selected in the following table, and the numbers opposite it are all 
malti|4ied by the value of fga. These are then plotted, and if a be correct the resulting 
curve should coincide with that drawn through the observations, or rather should run 
parallel with it, as there is generally a small allowance to bo made for alow or premature 
itartliig. Usually there is a divergence the two curves and another value of a must be 
A few trials, however, are always sufficient to make a good fit. 
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Table.—^Values of t 


a 


( 




Time t seoonds. 



a. 


0*6 


1*6 

2*0 

3*0 

5*0 

7*0 

om 

0*30 

0 126 

0*419 

0*808 

1*246 

2*194 

4-178 

6*170 

0^853 

0*31 

0*122 

0*412 

0*796 

1*230 

2*173 

4-150 

6*147 

0*877 

0*82 

0-119 

0*404 

0*783 

1*214 

2*162 

4*126 

6*123 

0-902 

0-33 

0*116 

0*396 

0*770 

M97 

2*131 

4*102 

6*098 

0*927 

0*34 

0*113 

0*388 

0*767 

1*180 

2*110 

4-078 

6*074 

0*962 

0*36 

0*110 

0*381 

0*746 

1*165 

2*089 

4*063 

a-049 

0*979 

0-86 

0 108 

0-374 

0 733 

1-150 

2-068 

4*028 

6-024 

1*006 

0*37 

0*106 

0*367 

0*721 

1*333 

2*046 

4-002 

6-996 

1*033 

0*38 

0*104 

0*369 

0*709 

M16 

2-023 

3-876 

6*968 

1061 

0*89 1 

0*102 

0*353 

0*698 

1*100 

2*002 

3*949 

6*940 

1*090 

0*40 i 

0*100 

0*346 

0-686 

1*085 

1*980 

3*921 

6*911 

1121 1 

0*41 

0*097 

0*339 

0*673 

1*068 

1*967 

3-892 

5*882 

M52 

0*42 ! 

0*096 

0*332 

0*661 

1*061 

1*933 

3*863 

6*851 

M83 

0*43 

0*093 

0*325 

0*640 

1*035 

1*910 

3*836 

6*820 

1*217 

0*44 1 

0*091 

0*310 

0*637 

1*018 

1*887 

3*806 

6*789 

1*262 

0*46 

0*088 

0*312 

0*626 

1*001 

1*862 

3*778 

6*762 

1*287 

0*46 

0*086 

0*305 

0*614 

0*985 

1*837 

3*740 

6*720 

1*325 

0*47 

0*084 

0*298 1 

0*602 

0*969 

1*814 

3*707 

6*683 

1*362 

0*48 

0*082 

0*291 ! 

0*590 

0*962 

1*790 

3*674 

5*649 

1*401 

0*49 

0*080 

0*286 1 

0*579 

0*936 

1*766 

8*640 

6*609 

1 442 

0*60 

0 078 

0*280 

0*569 

0*918 

1*739 

3*606 

5*670 


The following values have been obtained for the constants in a number of 


subjects:— 


Subject. 

Max. speed 
fgn 


/ 

H.A.E. (1).' 

11-46 

0*46 

0-88 

.. (2). 

11*23 

0*46 

0*815 

10 men averaged together. 

10-06 

0*42 

0-815 

Fi (moan of 4) . 

9-43 

0*40 

0*806 

S (mean of 4) . 

9*43 

0*40 

0*805 

0 fmean of 4) . 

9*37 

0*36 

0-92 

O (mean of 4) ...i 

9*43 

0*37 

0-87 

Y (1) . 

9*86 

0*41 

0*82 

Y (2) .. 

10*0 

0*40 

0-855 

H .. 

8-24 

0-31 

0*90 

B (mean of 3) . 

7*63 

0-88 

0-89 

F (mean of 5) . 

7*80 

0*88 

0*66 

H (mean of 10).. 

i 

8*41 

0*46 

0-61 


Of these H.A.R. is a first-rate short distance ninner ; the equation fitted his 
records very exactly. All the others, down to and including Y, are good short 
distance runners, S is an oarsman ; P and F are not athletes ; H, now aged 40, 
used to be a middle-distance runner. The results show that H,A.R. is 
to the other short distance runners in one respect only, namely, in the smaillixess 
of his “ viscosity,” that is in the largeness of e*®. He is superior, however, 
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to H in a diff«stent respect, namely, in the size of his propelling force, that is in 
/* The characteristics of the difEerent individuals, for the days and under the 
conditions of the observations, are completely described by their respective 
constants. 

The Theory of Runnitu} Up HilL —^The above considerations may be applied 
to the case of a man running up hill. In this case the external work is 
greater (it is almost negligible in running on the flat) and therefore the speed 
must be leas. Let R be the external resistance, then the equation becomes 




a (if 


It is easy to see that the maximum velocity, instead of being/^a, will bo, 


a 



Suppose the subject to run up a slope of 1 in n. n must be fairly large, or 
otherwise the style of running will be changed, probably a slope of 1 in 10 would 
be the greatest practicable, possibly even this would be too high. The resis¬ 
tance R is now Mg/n^ so that the maximum velocity Incomes 

(/”- 1 

If/were 0*6 and n were 10, this would mean that the velocity would be reduced 
in the ratio of 6 :6, in other words a subject capable of doing 100 yards in 
12|^ seconds on the flat would take 15 seconds up siich a slope. It would be 
interesting to carry out comparative experiments in timing the same subject 
by the methods described above on tracks of different slopes. To obtain a 
greater effect the subject should be one with a small value of /; probably a 
long-distance runner would prove most suitable. 


Summary. 

L It is shown, by an application of the theory of dimensions, that the speed of 
an animal such as man is limited by the inertial stresses to which his structures 
are subjected during movement. 

2, The “ viscosity of the muscles is the chief factor regulating the speed 
of movement. 

8, For experimental work on muscle “ viscosity it is necessary to employ 
maximal contractions. A theoretical discussion is given of the case of stib- 
maximal contractions. 

4. The high phymological cost of rapid movement, as in running and walking 
fast; is explained. 
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6. On the aasumption that the force exerted by a runner is used mainly in 
overcoming the “ viscosity ” of his own muscles, the equation of motion of a 
runner starting from rest and exerting a maximal effort is given, 

6. An electrical method of timing a runner is described : by means of it the 
complete distance-time relation over any distance can be determined. 

7. It is shown that a runner exerting a maximal effort propels himself with a 
constant force and is retarded by a resistance proportional to his speed. 

8. The “ constants ” of a given runner, namely, propelling force and 
coefficient of viscous resistance, can be determined with very fair accuracy. 
They vary widely in different healthy individuals. 

9. The work done in running, against the viscous resistance of the muscles, 
can be determined. 

10. The theory has been extended to the case of running up hill. 

Our sincere thanks are due to Prof. L. M. Dennis and the staff of the Baker 
Chemical Laboratory for their hospitality, and for the continual help we have 
received during the conduct of this work. 

Our most grateful thanks are due also to the athletic authorities at Cornell 
University, to Mr. R. Berry and hfa. J. F. Moakley; and particularly to the 
runners themselves, whose friendly co-operation made the experiments 
possible. 
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The large amount of energy used in muscular exercise of extreme severity 
has been demonstrated by recent work on the oxygen requirement of such 
exercise. Sargent (1, p. 16), for example, has found an oxygen requirement of 
nearly 30 litres per minute in a subject running 120 yards at an average speed 
of 9*23 yards per second, which is about eight times his maximum oxygen 
intake. Our previous paper will have explained how this great expenditure 
of energy occurs ; it is not used mainly in overcoming any resistance external 
to the body, but rather the “ viscosity ” of the muscles of the subject himself. 
The mechanical work done can be calculated by the methods outlined in that 
paper, and it is of interest to compare it with the oxygen used in recovering 
from the efiort made, which is a measure of the total energy expended. 

The Media^mooA Efficiency of the Body in Running .—For the purpose of these 
experiments the subject is first caused to rest for 46 minutes, and a measure¬ 
ment is made of his resting oxygen consumption. Then, without any other 
exercise, he is required to run 60, 100, or 160 yards at top speed, to pull up as 
rapidly as possible, and to collect his expired air for 30, 40 or 50 minutes, 
depending on the time needed for complete recovery. It should be noted that 
at least 30 minutes is required, at any rate in the subjects wo have studied. 
Finally, a second measurement of his resting oxygen consumption is made, 
which, for a satisfactory experiment, should be the same as the first. The excess 
oxygen due to the exercise can then be determined. For the greatest accuracy 
the subject tdiouid not^aliow any of his expired air to escape, after the moment 
he starts to run: it should all be collected. This means that he must hold his 
breath while running, pulling up and fixing the mouthpiece; this is easy in a 

* Work done di^ng the t<Mnire of a non*resident lectureship in Chemistry at Cornell 
University; 
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60-yard8 run, possible in a l(X)-yardB tun, very difficult in a 160-yards run. 
Even, however, if two breaths (say 6 litres) of expired air be lost in the longer 
distance, this will not be more than 2 per cent, of the excess ventilation of the 
lungs in 30 minutes of recovery, and so will produce only a small error ; and in 
the shorter distances this error can be avoided completely, Thxis, provided 
that no serious amount of expired air be lost, the exercise can be taken without 
any impedimenta of mouthpiece and bag, and in the natural way, on an ordinary 
miming track* : the whole of the oxygen required is taken in during recovery. 

A more serious error, and one not so easily avoided, is that due to the pull-up, 
A man running at top speed can stop in about 10 yards, and the effort made in 
stopping is of a less muscular character than that involved in nmning and so 
should involve less loss of energy. In the experiments made on three different 
subjects in this connection we have assumed that the effort made in stopping 
is equivalent to that of running for another 5 yards; it cannot be far from this, 
for 10 yards of stopping is certainly not as energetic as 10 yards of running at 
maximum speed. The correction for stopping is reduced in importance by 
taking a longer distance, such as 160 yards, where it represents a smaller part 
of the whole. 

Another error, also comparatively unimportant, is that due to the onset of 
fatigue. In 60 or 70 yards the maximum speed, once reached, is maintained to 
the end. In 150 yards it falls off by about 5 per cent. If we assume that the 
propelling force fMg diminishes in the same ratio as the speed, we can make an 
appropriate correction. This again may not be exact, since the viscosity 
also may change with fatigue, but in 60 and 100 yards the correction is negligible, 
and iti 160 yards comparatively small, so that no great error can result. 

We have therefore all the data for a comparison of the mechanical output of 
the muscles with the energy literated as calculated from the oxy^n. With 
regard to the calculation, it would seem certain (as we shall show in a later paper) 
that in recovery from exercise such as this the only substance oxidised is carbo¬ 
hydrate, so we may safely take 1 litre of oxygen as being the equivalent of 
16,860 foot-pounds of work.f 

♦ Actually we employed a straight concrete path. 

t Biatances being measured in yards and feet an a track it has been more oonv^ent in 
the present experiments to work with English units. Glycogen ^Slater (2)) has a heat of 
combustion, in solution, of SSBC calories per gram, hence 22 -4 litres of oxygen, used in 
burning 30 grams of glycogen, give an amount of heat 30 X 3836 oalories, so that 

1 litre S 5140 calories 

» 2190 kilogram-metres 
H 16860 foot-pounds. 
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Typical results in such an experiment are as follows;— 

Subject 161 pounds; distance 60 yards ; uxygeu used in recovery 3*81 litres ; pull-up 
taken as equivalent to 6 yards run; propelling force, calculated from distance- 
time record, 0*70 of body weight; work calculated ^161 x 0*7 X 65 x 3 ^ 
22000 fot)t-pound8; energy used “ 3*81 x 16860 60300 foot-pounds ; efiioi- 

cnoy 36 * 6 pt^r cent. 

In the following Table, summarised, arc all the experiments made in this 
connection, neglecting none. It is seen that the mechanical work done is, on 
the average, about 38 per cent, of the total energy used. The ratio is not 
quite constant, but the complexity of the lengthy observations involved and 
the many possibilities of error, both in the oxygen measurements and in the 
interpretation of the timing data, are sufficient to warrant a belief that the 
** mechanical efficiency ’’ of sprint running is really constant at about 38 per 
cent. 

Subject A 


Subject B 


Subject C 


IHeon of all oxperimente made : Efficiency 37-7 per cent. 

The value we have arrived at is of great theoretical interest. In muscle 
activity, at least in frogs, it is known that of 10() units of energy liberated in 
the complete cycle 40 occur anaerobically in the initial process, 60 in recovery. 
Actually 100 units of energy are set free by oxidation in recovery, of which 60 
appear as heat, 40 go into the latent form of chemical energy in eiSecting the 
restoration of the muscle. Thus, if the whole of the initial energy were liberated 
meehamcal the efficiency would be 40 per cent. Now in the processes 


Table I. 


„ 100 „ 

»» 

33*3 

„ 100 „ 

tt 

29*8 

M 160 „ 

yt 

36*7 

„ 160 „ 

• » 

37*7 

Mean for this subject... 


36*0 


Distance 60 yards in all experiments. 
Efficiency 40 • I per cent. 

M 41*6 

36*9 

42*2 „ 

„ 44*5 

Mean 41 1 

Distance 60 yards in all experiments. 
Efficiency 39 • 6 per cent. 

36*1 „ 

34*9 


Mean 36 9 
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of running a great amount of effort is wasted : the arms are flung about, the 
legs are pulled violently forward as well as forced back in propeUing the body, 
even the muscles of the face and neck are involved. 

It seems inconceivable that the muscles involved in pure propulsion should 
not have an efficiency notably above that of the body as a whole. If they have, 
that efficiency must be well above 40 j)er cent.; in other words, the mechanical 
energy they can give out is greater than the whole of the initial energy. There 
is, as a matter of fact, no theoretical difficulty in this : many chemical reactions 
are known in which the free energy, the maximum work, is greater than the 
total energy. Furthermore, experiments on the isolated muscle readily 
demonstrate that the area of the tension-length curve (representing the 
theoretical maximum work) may be greater than the total initial energy as 
determined by myothermic observation. In the straight-fibre muscles of frogs 
and tortoises the theoretical maximum work in shortening completely from the 
full resting length is, on the average, 1*22 times the initial heat, giving an 
over-all efficiency of 1 •22/2*6 == 48-8 per cent, for the complete cycle of con¬ 
traction and recovery (3, p. 269). It would appear therefore that in these com¬ 
parisons of work and total energy we are coming back, in the case of man, to 
the same phenomenon as has long been of interest in the case of isolated muscle, 
namely, the very efficient transformation of chemical into mechanical potentiar 
energy in the “ initial ** process of contraction. 

It is well known that in man no actual mechanical efficiency of more than 
about 2»6 per cent, can be attained: m such processes as bicycling a»d stair 
climbing there is an optimum speed, at and near which this efficiency is reached. 
The optimum speed is a compromise between the two factors (a) of “ vis¬ 
cosity '' which requires a slow movement to get much work and (5) of energy 
liberation during maintained contraction, which requires a rapid movement to 
save time and therefore energy. In discussing the “ theoretical maximum work’* 
one has eliminated the time element, only allowing enough time to develop the 
full force, and imagined a reversible cycle in which viscosity does not affect the 
result. In dealing with a tension-length curve in the isolated muscle we sue 
doing what an engineer does with a p-v diagram, or a physicist with a Carnot 
cycle. We are dealing, not with an actual attainable efficiency, but with a 
theoretical ma xim um. This in fact we are doing also with a runner, for we 
cannot get a muscle actually to work without showing a “ viscous r^istanca 
to motion, and an efficiency of 38 per cent, against an external force is possible 
only if we could. 

Thus, in this connection, we are dealing with muscular work in man as a 
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thermodynamic problem. This needs emphasis, for it cannot be asserted that 
the working efficiency of human muscles, against a purely external resistance, 
is anywhere near the 38 per cent, found here; what can be asserted is that this 
theoretical treatment of the subject is os well justified, and as likely to prove 
fruitful, as that involving the “ reversible process ” and the Carnot cycle in 
physios. 

The same high efficiency of transformation of chemical into mechanical energy 
in the initial process of muscular contraction, can be deduced in a general way 
from other well-known observations on man. In climbing a staircase an actual 
efficiency of 25 per cent, may be attained at a speed of 1 step in 1 *2 second (4). 
At speeds far from this the efficiency is lower. Now there are two factors 
bringing down the efficiency: (a) the work done by a human arm muscle in 
1*2 second is only about 75 per cent, of the theoretical maximum, owing to 
“viscosity,^’ and (6) the energy required to maintain a contraction for 1*2 
second is considerably more than that needed to keep it up for a short time 
only. It would seem almost certain that allowance for these two factors would 
bring the theoretical efficiency of stair climbing to a value at least as high as 
that deduced for running. The absence of violent extraneous movements, for 
example of the arms, would tend to make it more economical than sprint running, 
and we might expect an appreciably higher efficiency. 

Onset of Faligue. —The very rapid onset of fatigue during sprint running, 
even in the fittest subjects, is well known, and from the above its explanation 
will be clear ; the enormous amount of energy expended in running at top speed 
tells us that a ruimer may have gone half-way to complete exhaustion within 
100 yards. This fatigue is manifested, not only by the magnitude of the 
oxygen debt, but by the slowing-up which occurs during a maximal effort 
continued for more than 7 or 8 seconds. This slowing-up is seen in the isolated 
muscle, and is a peripheral effect- it is not \o be attributed to “ fatigue ” iu 
the central nervous system. 

Experiments have been made at Cornell on a variety of athletes, who have 
run 200 )rard8, at top speed throughout, being timed every 20 yards along the 
track. It is necessary to specify that the run is performed at top speed through¬ 
out, for the ideal way to run a 200-yards race is to maintain a coijistaat speed, 
not to make a maximal effort the whole way. So much energy is wasted 
by developing an extra 0*5 yard per second in the early stages, that the speed 
falls, out of proportion, in the later ones. It can be shown mathematically that 
if the eiiergy expended in running a given distance vary as the 2* 8th power of 
the speed (Sargent (1), p. 17), then it is much more economical to run 
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at a constant speed which is rather less than the greatest speed of an 
unfatigued subject. Athletic coaches realise this, and no 200- or SCKVyatds 
runner is advised to make a maximal effort throughout: skill is shown in the 
choice of speed which will land him at the finish in the minimum time. 

For the present experiments, however, on fatigue to have any moaning a 
maximal effort must be made throughout, and a mimber of subjects have been 
good enough to volunteer their services. I^he results are given in the Tables 
below. The subjects were as follows :— 


H.A.R. A first-rate 100- and 220-yard8 runner. 

O.M.W. A quarter-miler capable of 49^ seconds. 

0. A half-mile runner, 

C. A half-mile runner, capable of 2 minuttis. 

S. A mile runner. 

Ch. A quarter ami half-mile runner. 

B. A first-rate 1- and 2-mile runner. 

P. A good 2-mile runner. 

H. Aged 40, once a half-miler, similar to C. 

F. A poor runner, otherwise healthy and able-bodied. 


The average speed of this group of men is given, at different distances, in 
the last row of Table III, We see that on the average the maximum speed is 
reached in 70 yards, that then it begins to fall, and by 190 yards has fallen as 
much as 12 per cent. If we may assume that the rate of energy expenditure of 
a fatigued muscle at a given speed is the same as that of a fresh muscle at that 
speed (a definite assumption for which no evidence is at present available), 
and that the energy liberated per second varies as the 3 -Sth power of the speed, 
then a fall of 12 per cent, in speed corresponds to a decrease of 39 per cent, in 
rate of liberating energy. Whether the assumption be justifiable or net, the 
decrease in speed, witnessed in every ease, is very obvious. 

In the average, widely different individuals have been grouped together. 
Some information of value comes from taking their cases separately. The mo^t 
striking performance is that of H.A.B., who having done 100 yards in 9*88 
seconds completed the second 100 yards in 9*57 seconds. Ho shows a 14 per 
cent, decrease in speed during the last 130 yards. On the other hand B., who is 
a first-rate long distance runner, and P., who is a good one, showed only a 
4J and a 6 per cent, decrease respectively. This is due, no doubt, in part to 
the fact that these two men are relatively immune to the effects of fatigue,. 
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JSnergy Used in ‘‘ Sprint ” Running, 

owing to their long-distance running ; in part, also, it is probably due to the 
economical nature of their running, which fits them for long-distanoe work. 

weighing about 166 pounds, propelling himself 11 *46 yards a second, 
with a force equal to 0*815 of his body weight, is developing about 8*6 horse* 
power of mechanical energy. In running 100 yards at top speed he does about 
40,000 foot-j>ound8 of work, which with a 37*7 per cent, efficiency (see above) 
would leave him with an oxygen debt of 6*7 litres. One litre of oxygen used in 
recovery implies the removal of 6 grams of lactic acid. Thus 6*7 litres means 
40 grams of lacitic acid, a production of about 4 grams per second during running, 
nearly I gram per stride. It is this which causes the fatigue. 

Summary. 

1. The mechanical work done in sprint running against the viscous resistance 
of the muscles of the runner has been compared with the amount of oxygen 
used in recovering from the effort. The result shows a mechanical efficiency ** 
of about 38 j)er cent, as the average of 13 ex|)eriment8 on three subjects. The 
meaning of this high value is discussed. 

2. In a man runnii\g 200 yards, at top speed throughout, fatigue begins to 
appear after 70 yards, and by the end the speed has fallen (on the average in 10 
different runners) by 12 per cent. There are individual variations, trained 
long-distance runners showing a comparatively small diminution of speed in 
that distance. 

3. This fatigue is due to the enormous rate of expenditure of energy in 
running at top speed. One subject who ran his first 100 yards in 9 *88 seconds, 
and his second in 9*57 seconds, was developing 8J horse-power at his maximum 
velocity (11-46 yards per second) and liberating more than 4 grams of lactic 
acid per second in his muscles. 

Our sincere thanks are due to Prof. L. M. Dennis and the stafi of the Baker 
Chemical Laboratory for their hospitality, and for the continual help we have 
received during the conduct of this work. Our most grateful thanks are due 
also to the athletic authorities at Cornell University, to Mr. R. Berry and Mr. 
J. P. Moakley, and particularly to the runners themselves whose friendly co¬ 
operation made the experiments possible. 
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I. IntrodiicHon. 

In the first two parts of this series (2, 3) it was shown that the complete 
destruction of Graafian follicles os organised units by irradiation of the young 
female does not inhibit the appearance of the oestrous cycle when puberty is 
subsequently reached, while in Part III (4) the cycle in the non-mated adult 
wm shown to persist unchanged after sterilisation. The clear deduction from 
these results is that neither follicles nor corpora lutea are essential to the main¬ 
tenance of the oestrous cycle in the unmated animal Extensive investigation 
was first made on the sterilisation of young animals, because preliminary 
experiments had shown that irradiation of the adult, during the functional 
life of the persistent* corpus luteum at any rate, resulted in the permanent* 
histological survival of corpora lutea vera, and it was desired in the first place 
to investigate the oestrous cycle after sterilisation in the absence of such a com¬ 
plication. This anticipation was not altogether realised, because in certain 
cases the young follicles, sent into atresia by irradiation, produced corpora 
lutea atretica. In the majority of cases, however, the ovaries from animals 

* The term “ perustont is applied to the ccwrpora lutea of pregnanoy and lactation 
which persist much longer than those of ovulation, while ** permanent is applied to the 
corpora lutea which appear to survive indefinitely after irra^tkm. 
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BteirUised at birth or at weaning time were free from tissue of follicular 
derivation. 

Since it seemed possible that the removal of follicular competition might 
cause the persistent corpus luteum to function for an abnormally long period, 
experiments on this question have been carried out, and the present paper deals 
with the irradiation of the adult dimng the functional life of the persistent 
corpus luteum {Le., irradiation during pregnancy and lactation), which results 
in the permanent histological survival of the corpora lutea vera, and with the 
effects of these structures on the recurrence of the oestrous cycle. The histology 
of the ovaries of the animals discussed in this paper is essentially similar to 
that found in the ovaries of non-parous adults after irradiation, and is con¬ 
sidered in collaboration with Dr. Brambell elsewhere. 

My thanks are again due to Prof. J. P. Hill, P.R.S., and Dr. F. H. A. Marshall, 
P.R.S., for advice and criticism. The mouse colony, from which the experi¬ 
mental animals were recruited, was maintained with the aid of a grant from the 
Government Grants Committee of the Royal Society, and afterwards with the 
aid of one from the Medical Research Council. Since this paper concludes 
the account of the oestrous cycle after X-ray sterilisation, I wish to take this 
opportunity of acknowledging my indebtedness to Prof. Q. Elliot Smith, F.R.S., 
by whose permission the irradiations were carried out in the Department of 
Anatomy of University College, and to Dr. H. A. Harris for technical advice. 

IL MetJuds and Materials. 

The treatment of the animals, the dosage of X-rays employed, and the 
detection of oestrus, copulation and pregnancy have all been dealt with in detail 
in previous papers (1, 2). 

Techniqtm of Iftidiaiion. —The order of dose required to produce sterility was 
originally ascertained by fixing all the variables except duration, and then 
gradually increasing the length of the exposures until a dose resulting in sterility 
was arrived at. The standards used for current wave-length, spark-gap, dis* 
tanoe from anti-cathode, etc., were all given in Part I (2), Forty minutes* 
exposure of this standard intensity, which was found to produce sterility in a 
few cases, was found to give approximately ^ B tint with Levi’s pastilles, while 
double this duration of exposure gave \ B tint* For some reason, however,' 
even this increased dose failed to give consistent results on the laotating mouse, 
and two doses of this amount were given to the last batch of lactating animals 
irradiated (PC 28 to 42). J B tint and ^ B tint were always given in two doses 
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a week apart, and the date of irradiation is in all animals calculated from the 
first exposure. 

Duration of Lactation Experiments ,—^In the experiments on the effect of the 
“permanent” corpora lutea on the efficiency and duration of lactation, the 
question arose as to how best to test the lactation. One litter can only be 
suckled for some 6 weeks, i.e., for 2 weeks longer than is customarily allowed. 
In the end the arrangement hit upon was to allow the doe^s own litter 
to be suckled for the usual 3 weeks and then to foster-mother another litter 
only a few days old. This second litter was weaned at the usual time, and 
another litter given to the doe. In this way the lactation could be prolonged 
for over 2 months. The usual end was for the third litter to show very poor 
growth, indicating cessation of lactation, and any further litter was generally 
eaten as soon as given to the doe. The various does suckled for different times, 
and odd litters were eaten when half grown, etc., but always the practice was 
to go on providing young until it was quite obvious that lactation had stopped. 
The precautions to be observed when foster-mothering have been described 
previously (1). 

Identification of Ani^mls ,—The following index letters are used for the various 
smes of animals described in this paper 

S Normal suckling does tested for possible duration of lactation in 
normal female. 

SX. Does used for testing duration of lactation after sterilisation. 

PX. Females irradiated during second half of pregnancy. 

XVP. Females irradiated soon after copulation, 

PC. Females irradiated during lactation. 

III. Synopsis of Experimental Animals, 

In the mouse persistent corpora lutea are found at two periods, i,e,, during 
la<^tion and pregnancy (1), and it was originally proposed to carry out the 
irradiations during pregnancy, and so to cause the corpora lutea of pregnancy 
to become histologically “permanent.” Various difficulties arose, however, 
and the chief series of animals, upon which the effect of these permanent corpora 
lutea on the oestrous cycle was studied, were irradiated during lactation. In 
all, four series of animals are available for discussion in this paper. In the first 
place, five mice (SX series) were irradiated, both before and after parturition, 
the total irradiarion being SO minutes of the standard intensity. These mice 
wete subsequently found to have been sterihsed, the ovaries consistmg 2 J months 
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later of very little tissue except the “ permanent ” csorpora lutea vera. These 
mice were used for investigating the effect of the absence of follicles and 
presence of these corpora lutea on the lactating capacity of the female, and 
are discussed in Section V (a). 

IrraduUion during Pregnancy ,—In spite of the success in producing p^- 
manent corpora lutea in the 8X series, the technique was obviously unsatis¬ 
factory on account of the irradiation being distributed between pregnancy and 
lactation, and the second series of mice were given the whole dose during the 
last week of pregnancy. The first four of these mice were given small doses for 
the purpose of ascertaining the effect on the young, CEstrous cycle histories 
are not available for any of these females, and their records may, therefore, be 
summarised in tabular form. 


Table I.—Records of Animals Irradiated during Last Week of Pregnancy. 


Animal. 

Time of 
irradiation 
before 
parturition. 

1 

l^en^h of 
irradiation. 

Tim© of 
killing after 
irradiation. 

Conditions of 
ovaries. 

PX 1 

Bays. 

10 

Minutea, 

10 

Weaka, 

20 

Not sterile. 

PX 2 

5 

10 

i»j 


PX 3 ! 

1 

10 

13 

•f 

PX 4 

4 

10 

4 


PX 6 

3 

40 

0 

Sterile. 

PX S 1 

1 

40 

12 


PX 7 

Failed to give birth. 

40 

4 

Not sterile. 

PX 8 

Ke-absorptiou (?) 
Bays. 1 

.4 ' 

40 



PX 9 

3 

40 

1 


PX 10 

1 

40 

1 

a 

Sterile. 


Following these experiments 13 mice (the XVP series) were irradiated within 
a week of the discovery of the vaginal plug, and hence, since pregnancy follows 
copulation in about 80 per cent, of cases, during the first week of pregnancy in 
most instances. 

The object of irradiation at this time was two-fold 

(а) To sterilise the ovary during the early life of the persistent corpus 
luteum; and 

(б) To sterilise the embryos at an earlier age, 

A brief review of the histories of these animals has been given in Part II, 
and they will be dealt with more fully in Section V of the present paper. 
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Irrediation during Lactation ,—The experiments discussed above make it 
dear that irradiation during pregnancy presents certain difficulties. Chief 
among these is the fact that irradiation during the later stages of pregnancy 
catches the persistent corpora lutea during senility, while irradiation during the 
early part of pregnancy in most cases causes destruction of the embryos and 
the consequent failure of the corpora lutea to become really persistent. It 
seemed fairly dear, therefore, that irradiation during lactation, i.e., during the 
functional life of the persistent corpora resulting from the immediate post¬ 
partum ovulation would have to be tried. 

In all 42 mice were irradiated during lactation for the purpose of studying 
their subsequent cestrous history. Of these, the first 5 were given 40 minutes’ 
exposure {i,e., J B tint on Levi’s pastilles), the next 22 80 minutes’ exposure, 
while the last 15 had double this amount. Of the first 5 otily 2 were found to 
have been sterilised, even though adequate time was allowed for this to take 
place. Of the following 22, 11 were found to be unatt*rilised, but 3 of these were 
dissected soon after irradiation, when sterilisation changes would not in any case 
have become complete. The last 15 of this series, which had the two 80*nunute 


Table IL—History of Animals Irradiated during Lactation but not Sterilised. 


No. of 
•nim&l. 

Time of 
autopsy. 
Day« after 
irradiatiott. 

Dosage 
(B tint). 

No. boni 
before 
irradia- 
tion. 

Time of 
autoray 
after last 

CBHtrUB. 

Days. 

Notes. 

K! 2 . 

m 

i 

« 

.0 ! 

Had Utter of thi-ee 11 dayw before 

pc' s 

127 

1 

i 

6 

At par- 

autopsy. 

Had Utter of two when killed. 





tuiition 


PC 4 . 

78 

i 

7 

0 

Killed when vaginal plug found. 

PCU 

114 

i 

7 

36 

Had Utter of two 37 days before 

PC 16. 

64 

i 

6 

l« 

autopsy. 

Four normal cycles observed. 




suckled 



PC 16. 

122 

i 

4 

0 

15 cycles observed. 




suckled 



PC 17 . 

41 

i 

4 

6 





suckled 



PC 21 . 

20 

1 

6 

— 

Killed for histological material. 

PC 22. 

27 

1 

7 

— 

Killed for histological material. 

PC 28. 

103 

I 

6 

0 

13 normal cycles observed. 

POM. 

103 

1 

6 

0 

14 normal cycles observed. 

PC 26. 

97 

1 

6 

0 

14 normal cycles observed. 

PC 26. 

87 

I 

4 

7 

6 cycles observed. 

PC 27. 

14 

1 

4 


Killed for histological material. 

PC 29 .. 

68 

1 

9 


4 cycles observed, 

PC 82.. 

68 

1 

9 

6 

5 oyoles observed. 

P03» ....... 

66 

* 

9 

5 

3 oyoles observed. 





















56 


A* S. Parkes* 


expostireB, showed much more uniform results, only 3 of the animals having 
ovaries containing follicles when dissected. The first 5 animals were mated 
at the inunediate post-partum oestrus, and four of them became pregnant, and 
were thus both pregnant and lactating when irradiated. AH the series up to 
PC 14 were mated during the time that vaginal smear examinations were being 
made. The records of the unsterilised animals are given in tabular form above, 
and since it seems desirable not to include them in the discussion on the effects 
of removal of follicular competition on the history of the persistent corpus 
luteum, they will not be referred to again. 

The sterilised animals of the series will be dealt with in Section V (h). 


IV. Irradiation during Pregnancg. 

As was mentioned in Part II, the most striking result of the irradiations 
during early pregnancy was that in almost all animals irradiation caused the 
pregnancy to terminate. The usual course of events was for cestrus to reappear 
soon after irradiation, and the following table gives the date of the appearance 
of the first oestrus after irradiation where the incidence is known. 


Table III.—Return of CEstrus after Irradiation early in Pregnancy. 


No. of 
animal. 

Time of irradiation 
after conception. 

First oaBtruB 
after irradiation. 

XVP 6 

I)ay«. 

Days, 

6 

16 

XVP 7 1 

5 

4 

XVP 8 

6 

11 

XVP 9 1 

5 

4 

XVP 10 

5 

4 


These results clearly indicate that the persistent corpus luteum of pregnancy 
is c.aused to imdergo premature retrogression by exposure of the pregnant 
animal to X-rays. This, however, does not necessarily mean any direct effect 
of X-irradiation on the organ. The most probable hypothesis is that the 
foetuses were adversely affected by irradiation, and that their death was followed 
in the ordinary way by the involution of the corpora lutea. Since in these 
animals the corpora lutea never become properly persistent, they throw no 
light on the effect of the removal of follicular competition on the persistent 
corpus luteum, and from this point of view the series of e n imels jrradiM?ed d***^»g 
^ly pregnancy must be considered rather a failure. Nevertheless, all the 
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an i m ala (exoept 11' to 13, which were killed at short intervals after irradiation) 
were subsequently examined for the occurrence of the oestrous cycle. 

The making of vaginal smears was begun in XVP 1 to 5 four weeks after 
irradiation, at which time follicular degeneration should have become advanced 
if the irradiations had been effective. Of these 5 animals all except XVP 3 
copulated, and XVP 1 and 2 were initially fertile, but later became sterile. 
Of the rest XVP 3 and 5 were found on subsequent histological examination to 
be sterile. XVP 3, however, was observed not to have a regular cycle, one 
isolated oestrous period only being observed. XVP 4 had a series of normal 
oestrous periods accompanied by copulation, but was not sterilised. Vaginal 
smearing was begun on XVP 6 to 10 before the irradiations and was continued 
for considerable periods afterwards. Of these animals XVP 10 died before its 
oestrous history could be satisfactorily determined, and XVP C and 8 copulated 
and became pregnant sufficiently long after irradiation to preclude the 
possibility of sterilisation having l>een effected. XVP 7 and 9, though 
conceiving at the immediate post-irradiation mstrus (see Table III), were 
subsequently found histologically to be sterile, 

V. Irradiation duriny Lactation. 

(a) Effect on Lactation .—The statement has often been made that in the cow 
double ovariotomy during lactation will prolong considerably, if not indefinitely, 
the period during which lactation will last, and the experiments to be described 
in this section were arranged in order to find out whether any comparable 
result could be obtained by X-ray sterilisation. It was originally hoped 
actually to sterilise a cow during lactation for this purpose, and by the 
courtesy of Captain J. Golding and Dr. Williams, of the National Institute for 
Research in Dairying, Reading, this was attempted. The relative weakne€| of 
the portable X-ray sot, however, proved a severe handicap, and this taken in 
conjunction with the movement of the animal, the position of the ovaries, and 
the thickness of the flesh on the lumbar region, caused the project to be 
abandoned after two exposures. 

Control Animals .—When the same type of experiment was tried on mice, it 
first of all became necessary to find some means of testing the utmost duration 
of lactation in such an animal, where no direct assessment is possible, and as 
explained in Section II, repeated foster-mothering of young litters was resorted 
to. It was also necessary to investigate how long the normal mouse would 
lactate if nec es sity and opportunity arose. This control experiment had a 
rather surprising result, it being found that a female mouse can rear at least 
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two foster-litters following the suckling of her own litter. The individual 
records of the seven normal suckling females used in this experiment are given 
in the following table 


Table IV.—Prolonged Suckling in Normal Mice. 


Mouse. 

No. of 
Utters 
i^red. 

Time 

suckling. 



Days. 

81. 

3 

01 

82. 

3 

03 

g 3 . 

2 

34 

84. 

2 

40 

86. 

1 

27 

86. 

2 

62 

87. 

4 

80 


Fate of last Utter. 


Fourth Utter died in 2 days. 

Fourth Utter died in 1 day. 

Three iitterH given in laat week, but aU eaten by 
doe. 

Third Utter wa» Ruokied for a few days and then 
died of malnutrition. 

Second Utter suckled for a few days then all died 
of diarrhcoa. 

Third litter was suckled 8 days and then eaten. 

Fifth Utter died in 8 days. 


The foster young were not all given at birth; young a few days* old stand the 
change better. 

S 3 ate three sets of young in one week, and it would appear that the 
animal could have reared further young, but would not. The 34 days of lacta¬ 
tion in this case, therefore, cannot be considered as representing the utmost 
duration of lactation. S 6, which died of diarrhoea after 27 days, has also 
to be excluded from the series, so that the remaining 5 cases give total periods 
of lactation ranging from 40 days to 89 days, or roughly from 6 weeks to 13 
weeks. The condition of the doe is presumably an important factor in this 
variation. The point that this control experiment does show, however, is that 
the normal mouse can suckle for much longer than it is habituaUy called upon 
to do ; consequently, experiments on the duration of lactation would need to 
show very striking results before much weight could be attached to them. 

Irradiated Animals .—The histories of the experimental animals sterilised 
during the early port of lactation are given below (see Table V). 

Excluding SX 3, which died prematurely, the periods of lactation in these 
sterilised animals varied from 56 days to 86 days, three of the periods, however^ 
being above 80 days. The actual average length of time during which the 
female wiU lactate is greater in the sterilised animals than in the normal, but 
in view of the variation in the individual performances of both sets, it seems 
hard to attach much significance to this empirical result. 
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Table V.—Prolonged Suckling in Sterilised Females. 


Nmnber 

Irradiatioa 

Irradiation 

K umber 

Duration 


of 

during 

during 

of litters 

of 

Fate of last Utter. 

aninuU. 

pregnancy. 

lactation. 

reared. 

1 suckling. 


SXl . 

10 mins. 3 days 

10 mins. 3 days 

4 


Fifth litter died in 3 


and 10 mins. 1 

after parturi- 



days. 


day before par¬ 
turition 

tion 




SX 2 . 

10 mins. 3 days 

10 mins. 3 days 

2 

56 

Third Utter suckled 


and 10 mins. 1 

after parturi- 



for 11 days, when 


day before par¬ 
turition 

1 tion 



doe died. 

SX3 . 

10 mins. 9 days. 

— 

1 

31 

Doe died when suck¬ 


10 mins. 5 days, 
10 mins. 2 days 




ling second litter. 


before parturi¬ 
tion 





BX4 . 

10 mins. 2 days 

10 mins. 2 days, 

4 

88 

Fifth litter died in 3 


before parturi¬ 

, 10 mins. 5 days 



days. 


tion 

after parturi- 
1 tion 




SX6 

10 mins. 2 days 

10 mins. 1 day 

4 

86 

Fifth litter died in 2 


before parturi¬ 

and 10 mins. 4 



days. 


tion 

days after par¬ 






turition 





(b) Effect on Recurrence of (Estrus ,—After the immediate post-jxirtum period 
no further signs of oestrus are normally observed in the lactating mouse for 
some 3 to 4 weeks. The actual length of the long lactation diosstrua was found 
(Porkes, 1) to average about 25 days, and this inhibitory effect has been 
shown (Porkes and Bellerby, 5) to be regulated by the ovary, and almost 
certainly by the corpora lutca of lactation, but the mechanism whereby 
lactation produces this effect is unknown. Prolonged lactation is not 
accompanied by prolonged oestrus-inhibition. The length of the lactation 
dicestrus was found to be virtually the same whether suckling ended at the 
normal time (3 weeks) or whether it was prolonged (1). This indicated a 
nmximuxn functional life of the i)ersistent corpus luteum of lactation, but the 
factors causing the decline of activity were again unknown. Since follicular 
coxapetition seemed to bo a possible cause, it was clear that the destruction 
of the fcdHcles by X-rays during lactation could be used to test this point. 

In view of the long histological persistence of corpora lutca vera in animals 
sterilised during lactation^ it was originally thought that they might still retain 
functional activity for a very long period, and the first animals of the PC series 
were therefore not examined immediately after lactation. The OBstrous 
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bistorieB of tho aniooAls known to have been sterilised are soBunarued in the 
following table:— 


Table VI. 


No. of 
animftl. 

No. 

born, 

1 i 

Time of 
irradiation 
after 

1 parturition. 

Doiag« 

(Btint). 

Observations 
beaun (time 
after 

parturition). 

Time 

i observed. 

No. of 
oestrous 
periods. 

PC 1 . 

7 

Days. 

1 

1 

Days. 

53 

Days. 

10 

1 (copulation). 

FOI 6 . 

3 

1 


53 

40 

8 (copulation). 

PC 6. 

8 ! 

4 

I 

67 

58 

3 (copulation). 

PC 7 . 

6 1 

2 

1 

66 1 

58 

1 (copulation)* 

PC 8 

7 

4 

1 

67 1 

58 

2 (oopttlatioii). 

PC 9. 

5 

2 

i 

65 

58 

3 (copulation). 

PC 10. 

3 

1 

I 

64 

58 

1 (copulation). 

PC 12. 

0 

7 

1 

64 

58 

1 (copulation). 

PC 18. 

3 

0 

1 

62 

58 

1 (copulation). 

PC U 

e 

4 

t 

61 

58 

1 (copulation). 

PC 18. 

— 

— 

J 

— 

24 

3 (unmated). 

PC 19 

— 

1 

1 

32 

72 

7 (unmated). 

PC 20. 


1 


32 

' 13 

1 (unmated). 


These results show that the cestrus-inhibiting function of the p^sistent 
corpora lutea of the sterilised ovary does not extend indefinitely. The animals 
whose histories are summarised in the following table were therefore examined 
r^larly from before the end of lactation up to 6~7 weeks after irradiation. 

In this table (Table VIl) the time of appearance of the post-lactation oestrus 
is given in the fourth column, while the number of oestrous periods observed, 
including this one, is given in the next column. The cycles referred to exclude 
the one comprising the long lactation dioestnis and the following csstrus. 

These results show that, though there may be a slightly longer than normal 
cestrus-inhibiting activity on the part of the corpora lutea of lactation, when 
they are freed from follicular competition and are rendered histologically “per¬ 
manent,” the efiect is not very obvious, and may in fact lack real irignificii.nn«, 
This indicates that the functional life of even the persistent corpus luteum of the 
mouse is strictly limited, and even under what mi{^t be considered optimum 
conditions, the normal length of activity is not materially prolonged. 
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Table VII. 


No. 

of 

aninuU. 

No. 

bom. 

Time of 
irradiation. 
Baya after 
parturition. 

Time of re- 
appearanoe 
of ODStrUB. 
Bays after 
parturition. 

No. 

of 

oastrous 

periods 

omrved. 

Len|;th 

cycles. 

Average 

length. 

Time of 
killing. 
Bays aher 
irradiation. 







Bays. 


PC 28 . . 

8 

5 

36 

3 

1-17-U 

14*0 

68 

PC 80 

8 

6 

30 

6 

6-8-10-10-6 

7*8 

68 

PC 81 . 

8 

6 

28 

4 

6-10-10 

8*6 

68 

PC 33 . 

8 

5 1 

30 j 

2 ! 

8 

8*0 

68 

PC34 

5 

0 1 

23 ! 

6 

8-7-10-8 

8*2 

68 

PC 85 . - 

11 

0 

30 1 

6 

6-11-7-8 

7*8 

66 

PC 86 . ..i 

7 

10 

29 

3 

4-11 

7*6 

42 

PC 37 . 

8 

2 

30 

2 

9 

9*0 

48 

peso . 

10 

2 

31 

3 

13-13 

13 

68 

PC40 . 

0 

8 

42 

1 

— 

— 

66 

PCil 

8 

3 

38 

2 

6 

5 

66 

PC 42 .... 

8 

1 

43 

1 

— 

— 

66 

Average .. 

8'2 


32*6 

— 

— 


— 


VI. Summary. 

I. Irracliatiol^ during early pregnancy usually results in reabsorption or 
abortion, so that the corpora lutea present at this time fail to become true 
persistent corpora lutea of pregnancy, and oestrus supervenes soon after the 
irradiation. 

II. Irradiation during lactation though causing follicular disintegration does 
not affect the persistent corpora lutea of lactation, and these are caused to 
become histologically " permanent.” 

III. These corpora lutea, though ” permanent,” cannot be shown to retain 
their oestrus-inhibiting power for any appreciable period longer than the 
functional life of the normal persistent corpus luteum. 

IV. The possible duration of lactation is not affected by sterilisation at the 
beginning of the lactation period. 

VII. General Summary. 

The series of paper which is concluded above has dealt with the sterilisation 
of the ovary of the mouse by exposure to X-rays, and with the fact that the 
obliteration of the cyclic structures of the ovary does not affect the cyclic occur¬ 
rence of csstrous symptoms in the accessory organs. Irradiation of the young 
female at three weeks old (Fart I) results in the complete degeneration of ova, 
granulosa cells and theca interna, where it has differentiated; and the ovary 
subsequently comes to consist almost entirely of extra-foffioular tissue, i.e.. 
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proliferations of the germinal epithelium. In animals irradiated at birth 
(Part II) the usual course of events is similar to that found in those irradiated 
at three weeks old, but in some few instances the proliferation from the germinal 
epithelium becomes extremely luteal-like. When the animals irradiated 
before puberty become adult, the normal cyclic oestrous changes are found in 
the accessory organs in all cases except those few in which the ovary has 
undergone luteal degeneration. 

The fact that the proliferations from the germinal epithelium appear to 
elaborate the hormone required for the production of oestrus suggested that 
irradiation of the adult might cause a temporary cessation of the cycle between 
the time of irradiation and the time of development of the proliferations 
from the epithelium. The study, however, of a large number of irradiated 
adults (Part III) showed that irradiation of the adult, though obliterating the 
follicles as such, does not eliminate follicular tissue from the ovaries; in 
correlation with this it was found that no post-irradiation proliferation from the 
germinal epithelium took place. The oestrous cycle in the irradiated adult is 
perfectly normal as regards the extra-ovarian features, and no hiatus can be 
detected either immediately after irradiation, or later when follicular disintegra¬ 
tion had become complete. 

These results make it perfectly clear that the alternating maturation of 
Graafian follicles and corpora lutea is not essential for the production of the 
cyclic oestrous changes in the accessory organs, and that the periodicity of 
oestrus is not therefore determined by the periodic follicular maturation. Two 
points then are raised by these experiments: (a) what is the mechanism 
whereby the periodicity of the oestrus stimulus is brought about ? and (6) by 
what means are oestrus and ovulation synchronised ? The first of these 
problems still remains to be studied, but it has been tentatively suggested that 
the periodicity of oestrus results from the periodic attainment of a threshold 
value on the part of the oestrus-producing hormone. The second problem has 
been partially solved, and it seems highly probable that the synchronisation of 
ovulation and oestrus is brought about by their being dependent on a common 
stimulus. 
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Transmission Experiments with Chinese Kah Azar, 

By Edward Hindle and W. S. Patton, 

(Members Kala Azar Commission of the Royal Society.) 

(Communicated by Dr. H. H. Dale, Sec. R.S.—Received June 14, 1927.) 

In the course of our experiments on the development of flagellates in sandflies 
fed on animals infected with Chinese Kala Azar (Patton & Hindle, 1927), 
numerous attempts were made to infect hamsters by means of these insects. 
The life-history of the flagellate in PMebotomm major^ in which insect there 
is a rapid growth of the parasites towards the anterior part of the alimentary 
canal, ending with infection of the mouth parts, strongly suggests that the 
parasite is transmitted by the bite of an infected fly, consequently many of our 
experiments consisted in feeding sandflies on infected animals and subsequently 
on normal ones. The possibility of other methods of infection was kept in 
mind, however, and on the analogy of Trypamsomi kidsi in the rat flea, attempts 
were made to infect animals by feeding them with sandflies containing flagellates, 
as it is conceivable that the infection may reach the body through the alimen¬ 
tary canal. In addition infection might be produced by parasites, set free by 
crushing the insect, entering the body either by means of the open wound caused 
by the bite of the fly, or through an excoriated part of the skin. 

The results of preliminary experiments with culture flagellates (Hindle & 
Patton, 1926) showed that, although the hamster could be readily infected by 
intraperitoneal inoculation of these forms, the subcutaneous and percutaneoua 
methods of infection succeeded only occasionally. From these experiments 
one would not expect the bite of an infected sandfly to produce infection except 
in rare cases, for obviously the parasites are only introduced subcutaneously 
when the insect feeds, and therefore, in most instances, the contents of infected 
flies were inoculated intraperitoneally into hamsters in order to see whether the 
flagellates were infective or not. Most of our experiments in 1926 were made with 
Phl^tmmiBsergenUf whichis not such a favourable host as P. major var. chinemist 
and in view of the fact that flagellates were never observed in the pharynx of 
the former species, it is not surprising that all feeding experiments gave negative 
results. P. major has a comparatively short season, and the few experiments we 
were able to perform are not sufficient to indicate the efficiency of this species 
as a carrier. 
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Methods, 

la all cases the sandflies were fed in the manner described previously (Patton 
and Hindle, 1927) and the numbers of the experiments refer to the tables con¬ 
tained in that article. As a rule the sandflies were dissected only after they had 
died, and therefore in some cases the virulence of the contained flagellates 
may have been diminished as a result of the death of the host. When a fly 
was dissected and found to contain active flagellates the gut contents, suspended 
in saline, were collected in a glass capillary tube and inoculated into the peri¬ 
toneal cavity of a normal hamster. Usually the contents of several flies were 
inoculated into the same animal in order to increase the chance of infection. 

After the flies had been fed on an infected animal any subsequent feeds werq 
made on normal hamsters, but very few of the flies re-fed more than twice. 
Hamsters which had been exposed to infection in any way were kept for about 
six months in order to allow ample time for the disease to develop. When killed, 
films were made from the liver, spleen and bone marrow of each hamster, and 
in addition cultures on blood agar were made from the liver and spleen. In 
order to reduce the chance of overlooking any scanty infections, all the films 
were examined in turn by three members of the staff, so it is unlikely that any 
infections were not detected. Moreover an infected animal generally shows 
a considerable enlargement of the spleen and the parasites are present in such 
numbers that it is almost impossible to miss seeing them. 

ExjperimmU with Phlebotomus major var, chinensia. 

(a) Feediing ExperimevUs, —Only four hamsters were used in these experi¬ 
ments. These were exposed to the bites of sandflies which had fed on infected 
hamsters respectively four, five, six and seven da 3 r 8 previously. In every case 
the flies were found to be heavily infected with flagellates when subsequently 
examined. The hamsters all remained negative after intervals of approximately 
six months. 

(b) ExpertmetUs in which the Insect FUxgeUates were TtJtJbbed into the Excoriated 
Surface of the Sifcin.- '-Thirteen hamsters were used and in every case part of the 
skin was shaved and also pricked with a fine needle. Subsequently infected 
sandflies were crushed on to the surface and rubbed into the skin. The flies 
used in these experiments had been fed on an infected animal respectively five, 
six and seven days previously, and in all except two cases were proved to oontaiii 
flagellates. All the hamsters remained negative after incubation periods up 
to six months. 

(c) Sandflies Administered by Mouth,--hi these experiments infected sandflies 
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iwrte e^palloiimi by hamstensj. In Bixca»e 9 the 6im were cnnsbed ineide the mouth 
of the hamsters before , being swallowed, and in these insects fiagellates were 
actually observed by microscopic examination of part of the crushed contents. 
In the remaining four animals the flies were swallowed whole and consequently 
could not be examined for flagellates^ but there is strong presumptive evidence 
that they must have been infected. The sandflies had ftxl respectively six and 
seven days previously on an animal infected with Lmhma/nm, All the hamsters 
remained negative. 

(d) InimperUoneal IrmukOion of FloffdkUes from Gtti of Smdfiy,- -A total of 
16 hamsters were inoculated intrai>eritonea!ly with the gut contents of one or 
more sandflies fed on an infected animal, respectively two, three, four, five, six, 
eight and ten days previously. In every case flagellates were present in the 
midgut of the insects, and after five days’ interval the parasites, as a rule, 
could also be seen in the pharynx. All the hamsters remained negative after 
varying incubation periods ranging up to six months. 

Experimntff urith Phlebotomus sergenti. 

(a) Feeding Experifnents. —Twenty-nine hamsters subjected to the bites 

of sandflies that had been fed only once previously. In every case the insects 
had been fed on a heavily infected animal and the interval between the first 
and second feeds varied from two to eight days. All the hamsters remained 
negative. 

Sixteen hamsters were subjected to the bites of sandflies that had been fed 
tiriese previously, once on an infected animal and subsequently Cn normal 
individuals. The interval between the infected feed and the third one varied 
feom feur to dix days, as it is possible to feed P. serymti ejverj two or three days. 
All the hamaters used in these experiments remained uninfected. 

Four hamsters were exposed to the bites of sandflies that hod fed three times 
previously, the first meal on an infected animal and the subsequent meals, 
with one excepUon, on normal individuals. The intern! between the infected 
menl and the fourth feed was either seven or eight days. All the hamsters 

Otfe was exposed to the bite of a sandfly that had fed four times 

The first and second feeds were on infected hamsters ; the succeed- 
on normal animals. The interval between the and fifth 
The hamster bitten by the above-mentioned sand^y, the 
laboratory yddeh fed fiye tjmm> lamained negative after an 
of 2? weeks. 
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In all except two of the above descrilxid experimentfi one or more of the sand¬ 
flies were found to contain flagellates in the midgut, but in no case were parasites 
observed in the pharynx of any insect dissected. 

(6) Sandjlies Administered' by hamsters swallowed varying 

numbers of sandflies three to six days after the insects had been fed on an infected 
animal. In some cases the flies were crushed in the mouth and it was possible 
to verify the presence of flagellates in the material that was swalhwHl. In 
all the other cases it is practically certain that each hamster had swallowed 
infected sandflies, judging from the dissection of other insects belonging to the 
same batches jxs those fed to the hamsters. All these animals remained negative 
after incubation periods up to six iuonths. 

(c) Intrajyeritoneal Iv 4 )Culation of Flagellates from Out of Sa^idfly .—In all, 
77 hamsters were inoculated intraperitoneally with saline suspensions of the 
gut contents of one or more sandflies (containing flagellates, 46 were inoculated 

with the contents of flies that had fed only once—on an infected animal.and 

then bcicn kept for a period ranging from two to seven days. Pour of thejse 
hamsters became infex’.ted as a result of the inoculation, and the particulars of 
these experiments are given below. 

Twenty-seven hamsters were inoculated with the contents of sandflies that 
had fed twice, once on an infected animal and subsequently on a normal one, 
and then been kept for periods of four to ten days after the infective meal, 
whilst four hamsters were inoculated with flies that had fed three or more times 
and been kept for seven to ten days after the infective meal. None of these 
31 inoculated hamsters showed any signs of infection with Leishmania although 
kept for sufficiently long incubation periods. 

The particulars of the four positive experiments—the only ones we obtained 
with sandflies duing the season—are as follows ;— 


First fcM :— 


Ex'jterirmnf, SI I, 


21.8.26. —Fed 60 P* sergenti oa hamster No. 212 and kept the flies at a temperature 

of 20" C. 

23.8.26. —IMBsected four of those flioa. Three contained flagellatee in the midgut and one 

was negative. The contents of these flies were inoculated intraperitoneally 
into hamster No. 571, which was killed on 18.2,27. On examination the 
spleen was found to be much enlarged and the liver, spleen and bone marrow 
^ all contained large numbers of parasites. 

24.8.26. Dissected two flies. Both heavily infected with flagellates in midgut. Inoculate 

the contents of these flies into hamster No. 576, which was killed on 18.2.27, 
and showed no signs of infection. 
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35 J.26.—DisEieoted four flies. Three w^e heavily infeoted in the midgut and one negative. 

The contents inoculated into hamster No. 578, which was killed <m 
18.2.27 and found to bo heavily infected with Leiskmania, 

On the same date 22 of these flies were swallowed by hamsters Nos. 679 
and 580, eadh receiving 11. Both these hamsters were still negative on 
18.2.27, wlien killed and examined. 

Second feed :— 

24.8.26. —Twelve flies wore reefed on normal hamster No. 677, which was still negative on 

18.2.27 when killed and examined. 

26.8.26. —Two of those flies dissected. Both heavily infected in the midgut. Inoculated 

the contents into hamster No. 592, which was negative on 19.2.27 when 
killed and examined. 

27.8.26. —Dissected four flies. Two heavily infected in midgut and two negative. Inocu¬ 

lated contents into hamster No. 599, which was negative on 19.2.27 when 
killed and examined. 

28.8.26. —One dissected. Heavily infected in midgut. 

Third- feed t — 

26.8.26. —Five flies re*fed on a normal hamster No. 596, which was negative on 19.2.27 

when killcnl and examined. 

28.8.26. —One dissected. Heavily infected in midgut. 

29 k 36.8.26. - Flies refused to feed. One escaped. 

31.8.26. —Remaiiiing three flies dis-sex^ted. Two were negative and one positive in the 

midgut. The contents were inoculated into normal hamster No. 606. wliich 
was still negative wfien killed and examiiietl on 21.2.27. 

Expfirim^erU S 74. 

FirH feed 

24.8.20. —Fifty-three P, eergenti fed on infeote<l giant hamster No. 252 and kept at 

30° 0. 

26.8.26. —Seven flies dissected, of which six were positive in the midgut and one negative. 

The contents were inoculated into a norn\al hamster No, 696, which was 
killed on 19.2.27. On examination the spleen was found to be enlarged and 
Leishman-Donovan bodi(?s were present in the liver, spleen and bone 
marrow. 

27.8.20. —Five flies dissected. One positive in midgut and other four negative. Inoculated 

contents into normal hamster No. 698, which was negative when examined 
on 19.2.27. 

28.8.26. —Two dissected. Both negative. 

29.8.26. —Five dissected. All negative. 

Second feed 

27.8.26. —Re-fed 34 flies on normal hamster No, 601, which was negative when killed 

and examined on 21.2.27. 

28.8.26. —Five dissected. One positive in midgut and four negative. 

80.8.26. —^Four dissected. One positive and three negative. 
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Third feed 

2d.8.26*-~Re-fed 18 files on normal hamster No. 606, which wa« still negative when 
kUled on 21.2.27. 

31.8.26. —Five dissected. All negative. 

1.9.26. —Six dissootecL All negative. 

Fonrih feed :— 

31.8.26. —Three flies re-fed on normal hamster No. 611, which waa negative when 

examined on 22.2.27. 

2.9.26. —Three dissected. All negative. 

In the above ex]ierin}ent the infection seems to have died out in the 
sandflies after the second feed. 

Experiment /S 75. 

First feed 

26.8.26. —Fed 75 P. sergenti on infected hamster No, 212 and kept at 30° C, 

28.8.26. —Six flies disswded. Five negative, but flies degenerated, and one positive. 

29.8.26. —Kight flies disRcctecl. Six contained flagellates in midgut. the other two were 

negative. The contents were inoculated into normal hamster No. 604, 
which died on 26.1.27 heavily infec^ted with Leiahtmnia, 

30.8.26. —Twelve flies dissected. Seven negative, and five very heavily infected in 

nudgut. The contents were inoculated into normal hamster No. 608, which 
was still negative on 21.2.27 when killed for examination. 

Stexmd feed :— 

29.8.26. —Ke-fed 35 Handflu>s on normal hamster No. 607, which was negative on 21.2.27 

when killed for examination. 

30.8.26. —Six flies dissetded. Five negative and one positive in midgut. 

31.8.26. —^Three flies dissected. Two negative and one positive, but only one flagellate 

st^n. 

1.9.26. -—Four flies dissected. One negative and three very heavily infected in midgut. 

The contents were inoculated into normal hamster No. 613, which died on 
25,9.26 without showing any signs of infection. 

Third feed 

31.8.26. —Re-fed 14 sandflies on normal hamster No. 612, which was negative whan 

kUleti on 22,2.27. 

2.9.26. —Four flies dissected. Three negative and one heavily infected in mldgut. The 

contents were inoculated into normal hamster No. 611, which was negative 
when killed on 22.2.27. 

3.9.26. <—Five flies dissected. All negative, but flies somewhat degenerated having died 

overnight, 

4.9.26. —^Throo flies dissected. All negative. 

Femrih feed 

3.9-26. Re-fed two sandflies on normal hamster No. 616,which was negative when killed 
on 22.2.27. 

4.9.26. —One fly dissected. Very hearily infected in the midgut. The oonteute wur# 

inocukted into normal hamster No. 618 which wm negative when 
on 22.2.27. 

5.9.26. —^Kemainiog fly diaaeoted. Negative. 
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The above three experiments have been given in detail, as they are typical 
examples. Since all other transmission experiments gave negative results 
it seems unnecessary to give full particulars of them, as they resemble the 
above except in minor details. 

Disc^jtssion of Results. 

The negative results of our feeding experiments with Pklebotomm major 
and P. setgmli agree with those obtained in India by Shortt, Barraud and 
Craighead (1927, A), who fed a total of 152 infected P. argentipes on sixty 
experimental animals without producing any infection. It should be remem¬ 
bered, however, that comparatively few parasites can be inoculated when a 
sandfly bites, and judging from the results of our experiments with culture 
flagellatos (Hindle and Patton, 1926), the subcutaneous method of inoculation 
is only about one-tenth as effective as the intraperitoneal. 

If we consider the results obtained by the intraperitoneal inoculation of 
flagellates from the alimentary canal of infected sandflies, again there is a 
resemblance between those obtained in India and the above-described 
experiments with P. sergenti in China. Shortt, Barraud and Craighead (1927, 
B) infected one white mouse out of a total of 63, by the Intraperitoneal 
inoculation of the contents of three P. argentipes^ two, nine days after the 
infective feed, and one, eleven days. As we were successful in four cases out 
of a total of 46, the hamster would seem to be more susceptible than the white 
mouse, and the results of other inoculation experiments support this view. 

Considering the small proportion of animals that have been infected by the 
intraperitoneal inoculation of the whole of the gut contents of several sandflies 
containing flagellates, it is not surprising that up to the present feeding 
experiments should have given negative results. Our inoculation experiments 
with P. sergenti resulted in an average of only one in 11 *5 hamsters becoming 
infected, and in feeding experiments this proportion should be divided by at 
least 10, as the sandfly obviously can only introduce the parasite subcutaneously, 
giving a ratio of only 1 in 116. At first sight this might seem evidence against 
the view that the parasite is ti^nsmitted by the bites of sandflies, but it should 
be remembered that when present these insects often occur in very large 
numbers, and a person may easily be bitten by a hundred or more in the course 
of a single night. 

Reference should be made to one factor which seems to be of importance in 
tnuasmisgion experiments, namely, the type of infection in the vertebrate 
host; M our previous aoeount of ihe development of Leiskmama in Chinese 
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sandflies (Patton and Hindle, 1927), we have referred to the results obtained 
by feeding sandflies on human cases of the disease. Four out pf twelve flies 
fed on one patient showed development of flagellates ; one out of fifty-three 
flies fed on a second patient; and numerous flies fed on five other patients, 
each with well-marked symptoms of the disease of long duration, all remained 
negative. 

As regards the infectivity of the flagellate infection there are indications of 
similar individual variations, which must have been derived from the vertebrate 
host. In the series of experiments which have been described above, eight 
infected hamsters were used on which to feed the sandflies, and with the 
exception of Giant Hamster No. 252, wluch wiis inoculated with culture 
flagellates, all the hamsters were infected with the same strain of Ijeishtnaniaf 
a Peking strain kindly supplied by Drs. Young and Hertig. In every case 
parasites could be seen in the peripheral blood. In three out of the four positive 
experiments on the infectivity of the gut flagellates, the sandflies had been fed 
on the same hamster, No. 212, and in the fourth case the flies had been fed 
on Giant Hamster No. 262. 

Summarizing the results obtained by the intrajxmtoneal inoculation into 
hamsters of the contents of flies that had fed on different animals without being 
re-fed, it seems that in some way the virulence of the parasite has been enhanced 
in No. 212, and to a lesser degree in No, 252. Details of the hamsters used in 
these experiments are shown in the following records :— 

Hamster No. 80, 9.3.26.—Inoculated iutraperitoneally with Peking strain. Fed sandflies 
on dates ranging from 28.5.26 to 12.8.26. Fourteen hamsters were inoculated on 
difleront occasions, four with the gut contents of infected P, nunjor, and ton with 
the ctintents of infected P . sergcnti. All the hamsters remained negative. 

Hanmlcr No. 81, 9.3.26. -Inoculated intraperitonoally with Peking strain. Fed sandflies 
on dates ranging from 28.5.26 to 9.8.26. Thirteen hamsters were inoculated on 
diflereiit occasions, four with the gut contents of infected P. majoff and nine with 
the contents of infenttxl P , sergenti. All the hamsters remained negative* 

Ham^kr No, 99. 9.3.26. Inoculated intraperitoneally with Peking strain. Fed sandflies 
on dates ranging from 25.6.26 to 14.8.26. 1'en hamsters were inoculated on different 
occasions, two with the gut contents of infected P, major and eight with the contents 
of infected P. serysnft. All the hamsters remained negative. 

Ham^ No, 116. 23.12.25.—-Inoculated intraperitoneally with Peking strain. Fed sand¬ 
flies on dates ranging from 14.8.26 to 19.8,26. Four hamsters were inoculated on 
different occasions, two with the gut contents of infected P. major and two with 
the contents of infected P, sergonti. All the hamsters 

HaimUr No, 119. 23.12,25.—Inooukted intraperitoneally with Peking strain. Fed Sand¬ 
flies on 15.8.26 and 16.8.26. Three hamsters were inoculated on diffwent oeoaalons 
with the gut contents of infected P . ma^r. The three hamsters remained negative. 
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Bmmkr No* 1^12. 12.2,26.*—laoouhtod i&tnbporitcm^aUy with Ffe^g stra&n. Fed Muotd* 
dies on datm rnigbg from 16.8.26 to 26.8.26. l^ht 'wme inooulatod on 

dUEeMut ocooikmi, one with the gat oontente of inleoted JP« me^t and seven wiA 
the oontenta of Infected F, Hf^nU* Three of the latter hamsters became infected 
with IsMmmiOf whilst five remained negative. 

BomHef No* 221. 12.3.26.—^Inoculated intraperitoneally with Peking strain. Fed sandfiiea 
on 16.8.26 and 18.8.26. Four hamsters were inoculated on different oocasioitB with 
the gut contents of infected F. mriftnti* All the hamsters remained negative. 

d^tdid J^omsfer No* 262, 6.4.26.—^Inoculated intraperitoneally with Peking strain. Fed 
sandfiks on dates ran^^ng from 18.8.26 to 24.8.26. Six hamsters were inoculated 
on difim^t occasions with the gut contents of infected F. seryenit. Five hamaten 
remained negative and one became infected with Leiahmanku 
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[Plate L] 

Among the most important methods of study which have been applied to the 
question of secretion by the renal tubule are those which involve the use of 
dyes. Heidenhain revived the Bowman theory of secretion, largely because of 
his observations relating to the elimination of indigo carmine—observations 
which form the beginning of a voluminous and confusing literature. The 
importance of complete information concerning the mode of excretion of certain 
dyes can scarcely be denied: they resemble most of the normal urinary con¬ 
stituents in that the concentration in which, after injection, they appear in the 
urine is higher than that in the blood. As has frequently been aj^ed, if the 
mechanisms which take part in the excretion of these substances can be identi¬ 
fied, light will be thrown upon the processes of normal urine formation. The 
experimental advantage which derives from their colour is obvious. 

Phcnolsulphonephthalein (phenol red) was introduced os a clinical test of 
renal function by Rowntree and Geraghty(^) in 1912. Among their experi¬ 
ments was one which convinced them that the tubule was actively conoerned 
in its elimination. After section of the renal arteries in the frog, a phenol-red 
eolation was perfused through the renal portal vessels at a pressure of 36 cm. 
water. The resulting appearance of the dye in the ureteral fluid convinced 
them that it had been secreted ” by the tubule. It was soon shown by 
Bainbridge, Collins and Menzies(®), however, that such high pressure in the 
renal portal vessels may drive fluid through the efferent vessels into the glome¬ 
ruli ; thus their proof that the glomeruli had not been involved in the 
observed excretion was invalidated. 

Ten years later, direct observations of the glomeruli in the living frog's 
kidney, together with inspection of fluid collected during life from* capsules 

♦ Keaearch Assistant in the Department of Pediatrics of the School of Medicine, Univer¬ 
sity of Pennsylvania. 



Secretion of I^h^noUulphomphthalein hy Renal Tuhule. 78 

of Bowman, proved beyond doubt that pbenol red is separated from the Wood 
as it passes through the glomeruluB(^'^). At the same time, also, direct proof 
of selective re-absorption in the renal tubule was supplied. Hence for a time 
it appeared that the elimination of phenol red in the urine could be explained 
without assuming active secretion of the dye by the tubule. 

More recently, belief in a secretory factor in this connection has been revived. 
Marshall and Vickers(^) found (1) that, when injected into the circulation of 
a dog which is secreting no urine because of low blood pressure, phenol red 
accumulates in the cortex of the kidney in far higher concentration than that 
in the blood or in any other tissue ; (2) that only about 40 per cent, of phenol 
red added to dog’s plasma is free, i.e., filterable through collodion ; and (3) that 
under certain conditions after injection the substance in its free form is not 
present in sufficient concentration in the arterial blood to account for the 
quantity eliminated in the urine, even if glomerular filtration of all the plasma 
is assumed to occur. 

The conclusions drawn from these results have been widely accepted. Star¬ 
ling and Verney(*) found that the perfused dog’s kidney eliminated urine poorer 
in chlorides, richer in urea and phenol red, than the blood plasma which flowed 
through its vessels. Poisoning of the kidney by cyanide caused urinary chloride 
to increase ; urea and phenol red to decrease. They believed that cyanide 
inhibited the re-absorptive power of the tubule for chlorides, and the secretory 
power for urea and phenol red. 

Issue was taken with Marshall’s conclusions by Bieter and Hir8ohfelder(®). 
Using the method of direct observation of the frog’s kidney during life, which 
was introduced by Kichards and Schmidt, they watched the accumulation of 
phenol red in the tubules following subcutaneous injections. In areas of the 
kidney which had been deprived of glomerular circulation, they were unable to 
see accumulation of colour in the tubules, despite the fact that the tubules in 
these areas still received blood (and phenol red) by way of the renal portal 
system. Marshall(^) replied that Bieter and Hirschfelder observed only the 
ventral surface of the kidney ; that the proximal convolutions of the tubule 
are the parts concerned in the secretion of phenol red, and these are situated 
in the dorsal region. Most recently, Bieter and Hir8chfelder(®) have published 
a preliminary account of experiments by a somewhat more intricate method, 
which gave further results not in accord with Marshairs view. 

This review shows that while the study of phenol red has yielded influential 
support of the doctrine of secretion by the renal tubule, the question is by no 
means settled, even as it relates to this one substance. We know from direct 

a 2 
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experiment that finid oontaining chloride, sugar, urea, and foreign substances, 
including dyes, if these are present in the blood, is separated from the blood in 
large amount as it passes through the glomerulus ; we know from direct experi¬ 
ment that re-absorption occurs in the tubule ; but we do not know with com¬ 
parable certainty that any substance is actively secreted into the tubule by the 
epithelium which forms its wall Efforts are described in this paper to arrive 
at an unequivocal experiment upon this question. Phenol red was chosen as 
the subject of study because of the discussion which is current about it, and 
because of the ease with which it can be identified and estimated. 


I. 

In so far as we are aware, it has not yet been shown by direct conclusive 
experiment that phenol red can, under any circumstances, pass through the 
wall of the tubule of the living kidney into its lumen, either by diffusion or 
secretion. The necessity of testing this question is obvious. The experiments 
described in this section represent the chief steps in a search for methods which 
might supply such a demonstration. Our first experiments were made on 
rabbits : we soon turned to the frog’s kidney because the minute details of 
its structure are accessible to microscopic observation during life, and because 
of its equipment with a renal portal vascular system. 

L Applioation of Phcml Red to ike Surface of the RabbU’e Kidmy after Deoap- 
sidation,—When the rabbit’s kidney is carefully decapsulated, the surface which 
is exposed consists largely of basement membranes of proximal convoluted 
tubules. If one of the animal’s kidneys be decapsulated and its surface bathed 
with a solution of phenol red, we may expect the dye to be taken into the blood 
vessels with which it comes into contact, so into the general circulation, and, 
in consequence, eliminated by both kidneys. But if the dye is also capable of 
passing through the walls of the tubules into their lumina, the kidney with 
which the solution is in contact should eliminate more of the dye than the 
other. The result shows that it does. 

A rabbit was anaesthetized with urethane. The gastro-intestinal tract was 
excised after ligature of its vessels, and a cannula inserted* into each 
ureter. The left kidney was decapsulated with extreme care, detectable 
injury to the parenchyma being avoided. This kidney was placed in a 
glass oncometer. Urine flow was established by intravenous injection 
of 6 c.c, of 6 per cent, sodium sulphate solution. The rate of urine flow 
from the two kidneys throughout the experiment was approximate^ 
the same, 3 mg, of phenol red were added to 10 c.c. of animal’s 
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own blood, which had been drawn at the beginning of the dissection and 
kept fluid by heparin. This was warmed to 38® C. and introduced into 
the oncometer so that the entire kidney was immersed. During the 
following 27 minutes, seven successive samples of urine were collected 
from each ureter. Comparison of depths of colour in these showed in 
every case that slightly more dye was present in the urine from the left 
kidney than from the right. 

This result indicates that some phenol red passed into the tubules either by 
diffusion or secretion. It might be supposed, however, that the dye diffused 
into the renal tissue to such a depth that it came into contact with afferent 
arterioles aiifl diffused into the blood flowing in them. Were that true, the 
arterial blood in a number of glomeruli of the left kidney contained the dye in 
higher concentration than that of the blood of the general circulation. No way 
of excluding this alternative explanation occurred to us, and the experiment was 
not repeated. 

2. Ffog^s Kidney: Phenol Red applied to the Tubides of one Kidney by Iniroduc- 
iimi into the Renal PorM Vein. —^It appeared possible to use the renal portal vein 
of the frog’s kidney for the introduction of phenol red into effective contact with 
cells of the tubules of one kidney, and thus to cause an accumulation of the dye 
in them in the sense of Marshall; then, having cleared the vessels with saline, 
to re-establish the arterial circulation and observe whether this kidney will 
eliminate dye. 

A large frog, R. catesfeiona, 260 gm., was ansesthetized with urethane. The 
coeliaco-mesenteric artery was tied and the intestinal tract removed. 
Cannulas were inserted into the ureters, the renal portal veins and the 
central stump of the left posterior renal tributary of the posterior vena 
cava. Each renal portal cannula was connected with a small perfusion 
reservoir, capacity 10 c.c. Both reservoirs were filled with oxygenated 
Hambmger’s fltiid; to that in the left was added phenol red to make 
0*3 per cent. The aorta and the posterior vena cava were clamped 
above the kidney, the clamp on the renal vein tributary removed, and 
the fluids in the renal portal reservoirs allowed to flow, each at a pressure 
of 4 *5 cm. HaO, Each fluid, after passing through the kidney with which 
its reservoir was connected, passed out of the kidney via the cannula 
in the branch of the cava. Aft^ the solution had been allowed to flow 
for 6 minutes, the phenol-red reservoir was emptied, rinsed, and refilled 
with oxygenated Hamburger’s solution. This flowed until the fluid issuing 
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from the kidney was colourless {3 minutes). Clamps were then placed 
on the renal portal veins and the renal stump of the posterior cava, and 
removed from the aorta and the posterior cava proximal to the kidney.. 
Intravenous injection of salt solution was required to inaugurate urine 
flow. 

Urine was collected from each kidney for 30 minutes. Blood, kidneys and 
urines were analysed for phenol red by the method described by Marshall 
and Vickers. 

Urine from left kidney, 0*022 c.c., contained 0 *(XK)9 mg. P.R. 

Urine from right kidney, 0*016 c.c., contained 0-0000 mg. P.R. 

The left kidney, 0*61 gm., contained 0^018 mg. P.R. 

The right kidney, 0 *614 gm,, contained an unmeasurable trace. 

The blood extracts showed a questionable trace of colour. 

The experiment was repeated with a similar result. 

This experiment seems to show that pherAl red deposited in a kidney is 
later eliminated by it. It suffers, however, from a defect common to all 
experiments in which the renal portal vein is perfused with the object of 
excluding the perfusion fluid from the glomerulus. It seemed impossible that 
4*6 cm. of water pressure could drive the fluid containing phenol red into the 
glomerulus through its efferent vessel. Later, however, we actually saw blood 
corpuscles enter glomerular capillaries through the efferent vessel as the result 
of pressure in the renal veins of less than 4 cm. HjO. The experiment is, 
therefore, open to the objection that during the preliminary perfusion the 
phenol red may have entered some of the tubules ma the glomeruli. Ita 
description is retained in this account because the technique may be found 
useful in other connections. 

3. Peffudm of a Renal Tttbule S(dme during Perfusion of the Renal Portal 
System with jPfcjnoiJJed.—In the frog’s kidney, it is easily possible to inject fluid 
through the entire tubule into the capsule of Bowman by way of a cannula 
inserted into the ureter. Fluid so injected can be recovered after its passage 
into the capsule of Bo^vman, according to the technique developed by one 
of us with Wearn(®). Accordingly, in a number of experiments, after excision of 
the heart, the ureter was connected with a small reservoir of saline, 18 cm. 
above the level of the kidney, The renal portal vein was connected with a 
reservoir of oxygenated Hamburger’s solution containing 0-01 per cent phenol 
red at 12 cm. The fluid, which was collected by puncture of a capsule of Bowman 
during the perfusion of phenol red, was distinctly coloured with the dye. It 
seems certain that the dye had passed through the wall of the tubule. 
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. 4. Oh^ruotim of the Circulation in CfhmeruU ; Accumulation of Phenol Bed in 
Tiibulee arising from them. —In several experiments, pithed frogs (i?. catesbiana) 
were prepared for microscopic observation of the right kidney by transmitted 
light. A cannula was inserted into the right ureter and connected by slendfT 
rubber tubing with a sjnringe filled with imcoloured saline. 

A microscopic field of the kidney surface was selected in which from 8 
16 glomeruli could be seen, all showing active flow of blood through their 
capillaries. A map of the field was drawn so that any glomerulus in it could 
be repeatedly identified. 

A glass tube, its end drawn out to a fine tip of about 1 mm. diameter, and 
this suitably bevelled by grinding on a stone, was mounted in a Barbour stage 
close to the microscope, in such position that the tip could be pressed against 
the surface of the kidney in the microscopic field with sufficient force to obstruct 
all blood flow in the glomeruli included within the circumference of the tip. 
The obstructed glomeruli were designated on the map and were closely watched 
throughout the course of the experiment, to be certain that no movement of 
the stagnant corpuscles within them occurred. 

After adjusting the tube as described, phenol red was injected into the 
anterior abdominal vein. The dosage in one experiment was 12 mg. for a 
300-gm. frog. The visible kidney tissue, with the exception of that com¬ 
pressed by the tube, became intensely red; the area under pressure remained 
blanched. Ten minutes after injection the heart was excised. During the 
following 10 minutes, many localizations of concentrated colour becan^o 
conspicuous in the form of curved columns, corresponding apparently to portions 
of the lumina of tubules. Twenty-seven minutes after injection and 16 minutes 
after excision of the heart, the compression tube was lifted from the surface of 
the kidney, and pressure was exerted upon the piston of the syringe connected 
with the ureter. The streaks of concentrated dye were seen to move, thus 
proving that the dye was in the lumina of the tubules. Syringe pressure being 
maintained, the columns of dye were seen to move through many loops of the 
tubules containing them, until finally they were forced back each into a capsule 
of Bowman. Not only did the capsules in the uncompressed areas fill with 
intensely red fluid, but so also did those which had been compressed and so 
deprived of glomerular circulation. 

In the experiment which supplied the figures quoted above, two of the 
capsules which had been compressed filled with intensely pink fluid, two others 
bectune distinctly pink, and one remained colourless. The experiment shows 
conclusively that tubules which arose from Malpighian bodies, to which the 
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phenol red had had no access, had taken the dye into their lu m i n a; and it 
appeared there in highly concentrated solution. Repetitions of the experiment 
gave similar results. It succeeded repeatedly also in kidneys perfused with 
phenol-red solution via the renal portal vein. This experiment is the first of 
which we have knowledge, in which direct and unambiguous evidence is obtained 
of the passage of phenol red through the wall of the tubule and of its appearance 
in concentration in the lumen, imder conditions which permit denial of the 
participation of glomerular function. 

5. Passage of Phenol Red from the Surface of the Kidmy into the TttbtUe. —A 
large female bull-frog was pithed; ovaries and intestines excised; cannula in left 
ureter connected with syringe filled with saline. The left kidney was arranged 
for microscopic study by transmitted light; the peritoneum coveriiig its 
ventral surface was dissected free for a short distance from its mesial border. 
The heart was excised and a little oxygenated Hamburger’s fluid allowed to 
flow through the renal portal vessels in order to clear the tissue of blood and 
facilitate observation. Five minutes later, aided by the lowest power of the 
binocular microscope, 0*15 c,c. of 0 - 3 per cent, phenol-red solution was injected 
beneath the peritoneum covering the left kidney. The needle did not enter 
the kidney substance or any of the overlying blood-vessels. The kidney 
became intensely red. At the end of 26 minutes a few loops suggestive of 
concentration in lumina were apparent. Pressure on the syringe connected 
with the ureter caused almost all of the observed glomeruli (about 20) to fill 
with pink fluid. 

In this experiment the kidney was deprived of all circulation; phenol red 
applied to its surface passed into the tubules. High degrees of concentration 
of the dye in the tubules were not apparent* 

6. Expenm^nts on the Excised Kidney* —The preceding experiment showed 
that phenol red may pass into the tubule of the kidney deprived of its oirou** 
lation. The perfusion experiments mentioned in section 4 showed that the 
surviving tubule can concentrate the dye. It therefore seemed probable 
that the excised frog’s kidney, if immersed in oxygenated saline containing 
phenol red, would take up the dye and concentrate it. This supposition proved 
to be correct.* When kidneys, freshly excised from a decapitated frog, were 

• In a single experiment made by one of us in Dr. Dale's laboratory at the National 
Institute for Medical Research, a thin section of freshly excised rabbit's kidney, alter 
immersion in 0*02 percent, phenol red in oxygenated Locke’s solution.found tooontain 
aocumnlatlons of concentrated dye within lamina of tubules analogous to thoM obMrved 
in the excised frog’s kidney. 
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imm^aed in Hamburger's solution, to which phenol red had been added 
(O ^01-0*03 per cent.), and through which oxygen was bubbling, the dye passed 
into the tubules, and, in the course of time, these presented an appearance 
similar to that described in section 4 (Plate 1, fig. 1). 

That the dye in the tubules is more concentrated than is the solution in which 
the Iddney is immersed is easily proved by filling a series of glass capillary 
tubes, drawn to approximately the diameter of a renal tubule, with known 
solutions of phenol red of various concentrations. By la 5 dng them one at a 
time by the side of the kidney, so that they appear in the same microscopic 
field with the tubule in question, colour comparison can be made with sufficient 
accuracy to reveal the order of concentration of the dye within the renal tubule. 
By this method we have observed concentrations in tubules of excised kidneys 
as high as 10 times that of the solution in which they were immersed. 

It is easy to prove also that the colmnns of dye are in the lumina of tubules, 
and that the concentration is not within the cells; for when a syringe containing 
uncoloured salt solution is connected with the ureter and the piston pressed, 
the columns of dye are driven backward through the tubules into the capsules 
of Bowman. Fig. 1 is a photomicrograph of a portion of a kidney which had 
been immersed in 0*03 per cent, phenol red for five hours; fig. 2 is a photo¬ 
micrograph of the same portion of the kidney after the columns of dye had 
been driven into the Bowman capsules. When the column of dye has been 
forced away from the point at which it accumulated, the vacated portion of 
the tubule appears colourless. 

The level of the tubule at which the concentrated dye collects cannot as yet 
be stated in terms of its known morphology. All that can now bo said is that 
the level is at a distance of several loops or convolutions from the Malpighian 
body. When salt solution is injected into the ureter of a kidney in which 
auch ooncentrations have taken place, one never sees a column of concentrated 
dye pass directly and immediately into a capsule of Bowman; always it 
traverses several loops of tubule before making its appearance in the capsule. 

The time required for the development of concentrated colour within the 
tubules varies in different tubules and in different kidneys. Free access of 
the dye solution to the renal tissue must be an important factor, for the first 
tubtiles to show the phenomenon are always those at the extreme lateral 
Iwder. Z4ater, one sees concentrations in tubules on the surface of and within 
the thicker parts of the kidney. Concentration in tubules at the lateral border 
has been observed as early as 15 minutes after immersion. The number of 
tubules showing it and the intensity of the concentrations increase during 
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the first two to five hours of an immersion* When the kidney is allowed tC' 
remain in the solution overnight, the concentrations disappear. 

The question which suggested the preceding observations may now be 
regarded as answered. It is easily possible by several methods to show that 
the frog’s renal tubule is capable of taking phenol red into its lumen through, 
its wall under conditions which exclude the participation of glomerular function. 
The concentration to which the phenol red in the tubules may attain is- 
significantly higher than that in the solution with which the tubules are 
bathed. The phenomenon as seen in the excised surviving kidney is apparently 
a conspicuous example of secretion by cells of the tubule, and it is so easily 
and uniformly elicited that it lends itself particularly well to further study 
of the responsible processes. 


II. 

In efforts to analyse the phenomena disclosed in the previous section, we 
have used cyanide as an agent for inhibiting or abolishing those properties of 
the renal tubule which depend upon vitality. A special reason for its choice 
lay in the fact that it was applied for the same purpose by Starling and Verney 
in their experiments on the perfused dog’s kidney, 

1. Actim of Cyanide on the Apparent Secretion of Phewl Red by the Excised 
Ffogh Kidmy .—^Whenthe two kidneys of a decapitated frog* are excised, and 
one, the control, immersed in oxygenated Hamburger’s solution containing. 
O'01-0-03 per cent, phenol red, the other in a portion of the same solution 
containing, in addition, M/100 KCN, the appearance which develops during, 
succeeding hours is not the same in both. After half an hour, a few tubules 
along the lateral borders of both show characteristic Concentrations of the dye ^ 
at the end of an hour, the control shows more than the cyanide kidney, and 
the difference becomes more marked in the following hour. At the end of fouf 
hours many tubules in the control kidney contain concentrated dye, whil^ 
very few or none are to be seen in the cyanide kidney, those conoentrations- 
which first appeared having now vanished. 

The immediate difference is more striking if the tubules of the cyanide kidney 
ore filled with colourless M/100 KCN solution by ureteral injection before 
immersion in the phenol-red cyanide solution. Still more conspicuous is the 
difference if the kidneys be cut into small pieces before immersion in their^ 

♦ R, tacvlenim were used in the experiments described in this part. 
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respective solutions. Within half an hour the pieces of the control show many 
loops filled with concentrated dye; the cyanide pieces show none. 

It is clear that the processes responsible for the accumulation of concen¬ 
trated phenol red in the tubules of the excised kidney are abolished by the 
action of cyanide. The early similarity between the behaviour of the cyanide 
and the control kidneys in the first of the three experimoists described is doubt¬ 
less due to slow diffusion of KCN into the cells. 

2. Cyanide doee not prevent the Entrance of Phenol Red into the TuhnUs of the 
Excised Kidney ,—When the excised kidney has been injected via its ureter with 
M/100 KCN and allowed to remain in cyanide-Hamburger-phenol-red solution 
for an hour, examination with the microscope shows it to be diffusely pink. If, 
now, the ureteral canntila be connected with a 83 rringe containing uncoloured 
saline, and an injection made, the fluid with which the capsules of Bowman 
become distended can be seen to be faintly pink. 

In another experiment, cannulas were inserted into the ureters and closed 
with rubber tubing and clamps. A cannula was inserted into the aorta distal 
to the renal arteries (pointing toward the heart) and the aorta proximal to the 
renal arteries tied. This cannula was also closed with rubber tubing and 
clamp. The kidneys, with vessels and cannulas, were carefully excised and 
immersed in M/100 oyanide-Hamburger-phenobred solution for an hour, At 
the end of that time the preparation was removed, rinsed with saline, and the 
aortic cannula connected with a perfusion bottle containing uncoloured Ham¬ 
burger’s solution. On allowing this to perfuse the arterial (glomerular) vessels, 
fluid issued from the ureters which was pink in colour. After the first 0-2 c.c. 
the ureteral fluid was colourless—strong indication that the dye which first 
issued from the ureter had been contained in the tubules and was not being 
extracted from the cells. 

3. Cyanide defrays the Power of the Tubvles to retain Concentrated Phenol Red 
unihin them ,—If the tubules of a freshly excised frog’s kidney are injected via 
the ureter with a strong solution of phenol red (0»3 per cent.), the ureter imme¬ 
diately tied, and the kidney immersed in oxygenated Hamburger’s fluid (un- 
ooloured), am appearance develops which resembles that of the excised kidney, 
uninjeoted, after immersion for several hours in a dilute phenol-red solution. 
Examination immediately after the ureteral injection shows uniform distribu¬ 
tion of colour throughout the tissue; but presently, within the first hour, the 
(fye becomes localized in such a manner that loops of tubule containing con¬ 
centrated dye axe interspersed with parts of tubules in which the dye seems 
much less concentrated. This appearance of localization does not change 
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uotably during the second and third hours. The concentration, as weD as the 
colour of the whole kidney, then begins to lessen, and if albwed to remain in 
the solution overnight, it disappears. 

The capacity of certain parts of the surviving tubule to retain concentrated 
phenol red in its lumen during the first four or five hours after excision is 
conspicuous. If a simultaneous parallel experiment is made with the com¬ 
panion kidney, adding KCN M/100 to the phenol-red solution injected into 
the ureter and to the Hamburger’s solution in which the kidney is immersed, 
no localization of dye occurs during the first half-hour; the colour remains 
diffuse ; and, in the succeeding three hours of immersion, the kidney becomes 
paler and paler until only traces of colour remain. It seems clear that the 
power of the tubule to retain phenol red within its lumen is abolished by 
cyanide. 

Nothing which we have seen in the experiments thus far recounted compels 
the belief that the process responsible for the accumulation of concentrated 
phenol red in portions of the tubule of the excised kidney is one of secretion. 
We have failed in efforts to see evidence of concentration in the wall of the 
tubule preceding or associated with accumulation in its lumen. In the work 
of others we find no direct evidence of the existence of secretory capacity. 

On the other hand, an explanation of the facts can be found in a combination 
of the processes of diffusion and selective re-absorpjbion, and for the existence of 
both of these we have direct proof. If, in the excised kidney, the cells composing 
one portion of the tubule permit diffusion of the dye solution through them, 
while the cells of another portion extrude water from and retain phenol red in 
the lumen, and if, in addition, we assume the existence of a current of fluid 
from the diffusion level to the extrusion or re-absorption level, we have an 
explanation which includes and accounts for all the facts observed. Cyanide, 
employed to eliminate the vitality of the tubule, does not prevent entrance of 
phenol red into the lumen : it destroys the power of the tubule to retain phenol 
red within the lumen and completely interferes with the charactenstic con¬ 
centration of the dye. The “ vital function of the tubule is not related 
to the entrance of phenol red but to its retention and to the extrusion of 
water. 

We assume that the diffusion of water and dye into the tubule takes place 
at a different level than that at which water is extruded and dye retained. This 
assumption is more easily credible than is one which pictures the inward and out¬ 
ward movements as proceeding side by side in the same or adjacent cells. It 
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also accords better with the appearance of loops of tubules containing highly 
concentrated dye, surrounded by others in which the colour is faint. 

The assumption of a current of fluid in the tubule of the excised kidney which 
transports dye from the diffusion level to the re-absorption level is necessary to 
account for the quantity of dye which is amassed at the latter level. Evidence 
that such a current actually exists under the conditions of these experiments 
is presented in the following paragraph :— 

4. Transport of Dye within the Surviving Tubule^ and the Action of Cyanide 
upon iL —It has already been stated that when a solution of phenol red is injected 
into the ureter of the excised kidney, the ureter being immediately tied and the 
kidney immersed in oxygenated Hamburger's solution, its appearance changes 
gradually from that of a diffusely, uniformly reddened tissue to one in which 
the colour is localized in a mamier resembling that observed in a kidney which 
has taken up the dye from a solution in which it was immersed. If, instead of 
phenol red, a carbon suspension* be similarly injected, the tissue is at first a 
diffuse and uniform grey; but after 20 minutes’ immersion in oxygenated 
Hamburger’s solution, the carbon is seen to have become localized in a manner 
roughly resembling the localization of phenol red described above. The experi¬ 
ment is more striking when a colloidal dye is used instead of carbon ; for the 
latter, in contact with the living kidney tissue, undergoes flocculation to an 
extent which partially conceals the character of the fluid distribution. Vital 
red was chosen at the suggestion of Professor Krogh. It was injected into the 
ureter in 0 • 4 per cent, solution in saline, the ureter tied and the kidney immersed 
in oxygenated Hamburger’s fluid. Within half an hour the localization 
of the dye was strikingly similar to that observed in the experiments with 
phenol red. 

In each of the experiments on the localization of phenol red, carbon and vital 
red following intra-ureteral injection, the companion kidney was injected with 
’the same solution to which KCN had been added (M/100). It was immersed 
in oxygenated Hamburger’s solution containing M/100 KCN, In no case 
did the localization occur as in the controls. The dye and the carbon remained 
diffusely and uniformly distributed throughout the tubules. 

The factors which arel^ponsible for the currents which these experiments 
deEmonstrate have not been investigated. Extrusion of water may possibly 
create Ijie slight difference in pressure required to move the minute quantities 
of fluid conoemed: the cilia with which certain of the cells of the tubule of 

* A high dilution of the graphite Huspension described by Drinker and Ghurohill(^*) was 
used. 
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the frog’s kidney are equipped may be concerned. It is important that the 
Vquestion be studied further. 

Specific evidence has been presented in support of each of the assumptions 
involved in the explanation of concentration of phenol red in the excised kidney, 
which was advanced on p. 82, with one exception, viz., the active extrusion 
or re-absorption of water from within the tubule. In addition to a mass of 
indirect evidence on this point, direct evidence exists. Bieter and Hirsohfelder (®) 
were the first to publish the observation, made on the living frog’s kidney, 
that concentrated masses of phenol red can be seen in the tubule, while dilute 
dye only appears in the glomerular space. Wearn and Richards (®), in their 
oollections of fluid from the capsules of Bowman, found that the rate at which 
glomerular fluid can be collected as formed, if multiplied by the number of 
glomeruli in the kidney, is far higher than the rate at which urine collects in the 
bladder. Hayman and Richards injected 0*26 per cent, indigo carmine 
into the intracapsular space and so into the tubule of the living frog ; they saw 
the dye precipitate as it passed down the tubule. 

To these observations we wish to add an account of a new experiment which 
furnishes a very striking demonstration of water absorption from the tubule. 
It was suggested by the observation made during arterial perfusions of the 
frog’s kidney with dilute phenol red, that one or two loops of tubule in a dif¬ 
fusely coloured microscopic field might be distinguished from all the rest by 
their content of highly concentrated dye. The explanation which occurred to 
us was that the perfusion flow through the glomerulus of that tubule had Become 
blocked, and that the consequently stagnant filtrate in the tubule had become 
concentrated by re-absorption of water. Hence, the following experiment 
was made 

The frog’s kidney was prepared in the usual way for both arterial and renal 
portal perfusion, and for microscopic observation by transmitted light. 
Phenol red {0-02 per cent.) was added to the oxygenated Hamburger’s 
fluid in the arterial reservoir, and perfusion allowed to proceed at 
pressure of 35-40 cm. H 2 O for 10 minutes. Immediately after beginning 
the perfusion the kidney became diflusely coloured, and its colour did 
not deepen materially later (fig. 3). At the end of ten minutes arterial 
perfusion flow was clamped, and perfusion of uncoloured oxygenated 
Hamburger’s fluid begun via the renal portal vein at a pressure of 
8-10 cm. The whole tissue immediately became paler, because the dye 
solution was washed out of the blood-vessels. After seven minutes of 
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venous perfusion, individual loops of tubules began to be ooxxspicuous 
because of the concentration of the phenol-red solution in their lutnina. 
In 15 minutes the entire kidney, in so far as it was accessible to 
observation, was mottled with curved streaks, each representing the 
highly concentrated contents of the lumen of a portion of tubule 
(fig. 4). The phenomenon cannot be caused by secretion : no dye was 
j)re8ent in the blood-vessels at the time when the concentrations were 
‘Occurring, and the cell walls of the tubules were distinctly paler in 
colour than the lumina d\mng the process. Re-absorption of water, 
retention of phenol red, and flow of tubular content toward the re- 
absorption areas are the elements in the only explanation which 
appears to us to be adequate. 

When the experiment was made in identical fashion with the single exception 
that KCN M/100 was added to the renal portal perfusion fluid, no 
concentration occurred. The colour of the kidney remained diffuse, 
becoming paler and paler as venous perfusion continued, until the tissue 
was washed practically free from colour. 

On the evidence as presented, wo are obliged to adopt for the phenomenon 
•of the accumulation of concentrated phenol red within the tubules of the 
•excised frog^s kidney an explanation which includes diffusion of dilute dye 
into the tubule, active extrusion of water from the tubule and retention of 
dye in it, and flow of flui^ within the tubule from the diffusion level to the 
extrusion level. Cyanide abolishes the active extrusion of water, and the 
power of the tubule to retain the dye at the latter level, and it also stops the 
intratubular flow. The explanation is applicable also to the perfusion experi¬ 
ments described in this paper, and to the living frog experiments in which 
glomerular function was eliminated (Part I, section 4); it is to be considered 
as possibly applicable to any double perfusion experiment with the frog’s 
kidney, in which a diffusible substance, added to the renal portal fluid, appears 
in the urine. 

No claim can be made that these experiments prove the non-existence of a 
secretory process in the renal tubule. Proof of this might well require the 
minute examination of every millimetre of the length of the tubule by methods 
more refined than we now possess. The defensive strength of the secretory 
theory has long been recognized. The experiments suggest that refuge in the 
secretion theory should not be taken until the resources of re-absorption have 
been exhausted. 
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III. 

Belief that it is unnecessary to assume the participation of a secretory factor 
in the elimination of phenol red by the kidney may be strengthened by the 
facts which have been presented ; and, since phenol red is one of the substances 
for which that assumption has seemed to others to be most necessary, it may 
be justifiable to think that such assurance as they convey in relation to the 
elimination of that substance may extend to that of the normal urinary 
constituents. 

While we regard glomerular elimination and tubular re-absorption as the 
two great factors in urine formation which are capable of direct and unambiguous 
demonstration, it is proper to enquire whether the process of difiusion into 
the tubule, which our experiments have disclosed, is to be regarded as an 
element in normal kidney function. Before doing so, one qualifying statement 
should be made. We have tacitly assumed that the process of diffusion of 
phenol red into the tubule of the cyanide kidney is identical with that in the 
unpoisoned kidney. We have no proof of such identity ; indeed, were we able 
to test the question, we should rather expect to find readier diffusion into 
than out of the tubule at the diffusion level in the control kidney, and equal 
readiness of diffusion in both directions in the cyanide kidney. But the 
assumption of identity is justifiable and useful, until it shall be proved wrong. 

When the excised kidney is immersed in an oxygenated phenol-red solution, 
the lumen of the tubule contains no dye, Tfee dye at once begins to 
diffuse in ; it is transported to the extrusion level and there concentrated by 
re-absorption of water. The entire tubular content of dye enters by this process* 
The same is true in a kidney perfused via the aorta with colourless saline and 
via the renal portal system with phenol red (assuming that none of the renal 
portal fluid reaches the glomeruli). 

In the kidney of the living animal, in gitu^ however, after injection of 
phenol red, we can scarcely think, that concenlraUon of dye in the fluid 
within the tubule can be directly increased by inward diffusion of dye: for, 
by reason of glomerular elimination, that fluid already contains it in con¬ 
centration as high as or higher than that in which it exists in diffusible form 
in the blood. Nevertheless it is conceivable that fluid, and dissolved phenol 
red, may actually be transferred from the blood in tubular capillaries to ike 
lumina of tubules as a result of capillary blood pressure and, in maminals, 
the osmotic pressure of the concentrated fluid within the tuboles* 
Hayman*s{^*) estimations of blood pressure in glomerular capillaries in frogs 
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justify the surmise that the pressure within tubule capillaries is high, particu¬ 
larly when the renal arterioles are dilated and aortic blood pressure high. It is 
problematical whether, in the frog, fluid forced out of capillaries by pressure 
would enter the tubiiles ; but this might be expected to occur in those parts 
of the mammalian tubule which contain concentrated fluid. In the absence 
of an adequate basis of definite information we can do no more than suggest, 
as a point of departure for future study, the existence of forces of filtration 
and difiusion which, by transferring fluid from blood to tubule, may operate 
as auxiliary to the glomerulus. In this connection it is appropriate to call 
attention to the important work of Rehberg(^'‘^), who, on the basis of a 
quantitative application of the filtration-re-absorption theory to the problem 
of urea and chloride excretion in man, has postulated a process of back 
difiusion, as distinguished from active re-absorption, as an important factor 
in the return* of these substances from the tubule into the blood. 

The work of Marshall and his colleagues, which drove them to the belief 
that secretion is partially concerned in the elimination of phenol red, requires 
brief comment. They found(°) that only about 40 per cent, of phenol red added 
to dog’s plasma passed through a collodion filter and only 50 per cent, of that 
^ added to frog’s pla8ma.(^'‘) They argue that these figures represent the fraction 
of phenol red in circulating blood which is free to pass througji the glomerular 
membranes. We have made some estimations of the phenol-red content of 
glomerular fluid, which indicate that in the frog it is nearly all free/’ The 
risk in evaluating the capacities of the glomerular membranes from experiments 
on collodion is obvious. 

They published figures(^) which purport to show that, under certain conditions 
after injection, more phenol red is eliminated by the kidney in a 5- or lb-minute 

period than is brought to it free in the blood.the excess, in their view, being 

secreted from a store previously accumulated, in renal cells. In arriving at this 
conclusion they assume maximal blood flow tlirough the dog’s kidney to be 

5 c.c. per gram per minute. We believe this figure to be too low. Among the 
data given by Starling and Verney(®) and Eichholtz and Starling(^'‘) may be 
found six instances of rates of flow through the perfused dog s kidney of 0 c.c. 
per gram per minute or over ; one is 7*3 c.c. The manipulations required in 
the estimation of blood flow through the kidney in situ always, we believe, 
lessen it. Measurements m the rabbit’s kidney sometimes amount to between 

6 and 7 cx. Substitution of the figure 7 or 8 for rate of renal blood flow materi¬ 
ally alters the force of their argument. For these reasons we do not feel 
compelled to agree wdth their conclusions. 

VOL, CU.—B. H 
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The point at issue between Edwards and Marshall on the one hand and 
Bieter and Hirschfelder on the other is illuminated by our expmments. These 
show clearly that tubules deprived of their glomerular supply can still acquire 
and concentrate phenol red and that secretion need not be invoked to explain 
this. On the other hand, we have found no reason for believing that the 
glomerulus is not the chief, if not the sole, path of elimination of phenol red 
under normal conditions. 

Starling and Verney chose to apply the secretion theory in explanation of 
their results on the elimination of phenol red by the perfused dog's kidney. The 
essential fact which they elicited was that cyanide lessened the concentration 
of phenol red in the urine and the rate at which it was excreted, while it fticreased 
the concentration and rate of excretion of chloride. Hence, in respect of both 
substances, the urine, after cyanide, had the composition of a glomerular filtrate 
from the plasma. They argued that cyanide suppressed a secretory process 
for phenol red : a re-absorption process for chloride. 

Starling and Verney's figures show also that cyanide does not cause con¬ 
spicuous diuresis. In a paper from Starling's laboratory by Gremels and 
Bodo(^®) this fact is used as an argument against the view commonly held that 
the volume of fluid eliminated in the glomeruli is much gi'eater than that which 
leaves the kidney as urine. This filtrate, however, was not, as imagined by 
Cushney, 80 or 100 times the final amount of fully formed urine, but exceeded 
the latter little, if at all, in amount.” The implication here is that suppression 
of active re-absorption by cyanide involves interruption of all passage of fluid 
from the lumen of the tubule into the blood. 

We believe these arguments to be misleading. There is no reason for 
believing that because cyanide abolishes active re-absorption it thereby 
prevents passive transfer of fluid from the tubule into the blood. Blood flow 
in capillaries surrounding the tubules was maintained in the cyanide kidney, 
and the plasma proteins were capable of drawing fluid into the blood by their 
osmotic pressure. We believe that this force, which Starling long ago demon¬ 
strated to be effective in causing the absorption of salt solutions into the blood 
vessels, is an effective force for causing, in the cyanide kidney, passage of fluid 
from the tubule into the blood stream: and the failure of cyanide to cause 
diuresis is to be regarded as evidence that the volume of fltud moved passively 
in the cyanide kidney may be as great as that actively re-absorbed in the 
normal kidney. 

The remnant of fluid which escapes passive rc-absorption in the cyanide 
kidney and appears as urine must, of necessity, have the same composithm as 
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th« fluid which entered the tubule from the glomerulus, for the semi-perme¬ 
ability of the tubule for phenol red is abolished by cyanide. Starling and Verney 
failed to take account both of this fact and of the possibility that active 
ro-absorption in the normal tubule may be replaced by passive re-absorption 
from the cyanide tubule. When these are considered, it is seen that the observed 
changes in concentrations and in rates of elimination of both phenol red and 
chloride, which result from cyanide, are open to one explanation, viz., suppression 
of active re-absorption and selective semi-permeability in the renal tubule. 

The above considerations, to which our cyanide experiments have brought 
US, are practically identical with those advanced by Dunn and Jones(^*) two 
years ago in explanation of urea retention in experimental oxalate nephritis 
in rabbits, and a criticism of the conclusions of Starling and Verney, similar 
to that which is expressed above, is implied in a footnote to Rehberg’s paper(^®). 
It appears that the tubule poisoned by cyanide, or that more permanently 
damaged by oxalate, does indeed exhibit non-selcHitive re-absorption of the 
glomerular fluid as the result of an “ endosmotic stream ** into the blood, such 
as was represented in the hypothesis of Ludwig to be the process taking place in 
the normal tubule—a conception which has long been recognized as inadequate 
to account for normal function. 


Sumrmry. 

Experiments have been described which show :— 

1. That phenol red applied to the surface of a decapsulated rabbit’s kidney 

passes into the urine eliminated by it. 

2. That a similar result is obtained when the equivalent experiment is made 

with the frog’s kidney. 

3. When salt solution is made to flow from the ureter through the tubule 

to the capsule of Bowman, during perfusion of the renal portal system 
with phenol-red solution, phenol red can be identified in the saline 
collected from the capsule. 

4. Complete obstruction of circulation through the glomerulus does not 

prevent phenol red from entering the tubule and becoming concentrated 
there. 

6. When an excised frog’s kidney is immersed in oxygenated phenol-red 
anlution, the dye passes into the tubule and becomes concentrated, 

The^ facts, which present the appearance of secretion of phenol red by tubule 
cells, be hest explained by assuming diffusion of water and dye into the tubule 
at nne level; active extrusion of water and retention of dye at another, and a 

H 2 
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floid cuztent within the tubnle from the one level to, tihe eititea 9fli« hei^ 
fact in sap|)ort of these assumptions is as follows:— 

1. Cyanide, employed to abolish vitality of tubule cells, abdidhesthe pow^ 

of the excised kidney to concentrate phenol red within its tubules, - 

2. Cyanide does not prevent entrance of phenol red into the tubule of the 

excised kidney. 

3. Cyanide abolishes the power of the tubule to retain phenol red within it. 

4. Cyanide stops the fluid current within the tubule frcun one level to the 

other: the existence of such a current was demonstoated by injecting 
carbon or a colloidal dyC into the tubule and noting the projpreative 
changes in its distribution. 

5. New proof of re-absorption of water from the tubule is presented. 

The possibility of reinforcement of glomerular elimination by a process of 
diflusion into the tubules is suggested. 

Beasons are outlined for disagreeing with recent writers who have adopted 
the secretion theory in explanation of certain features in the renal behaviour 
of phenol red. 

The experiments described in Part I, sections 1-6, and those on the re-absorp¬ 
tion of water in Part II, were made in Philadelphia between January 1 and 
August 3, 1926: the others were made in Copenhagen during March, 1927. 
Unfortunately the advantage of Dr. Barnwell’s collaboration was liouted to the 
work in Philadelphia. Grateful acknowledgment is made to Prof. Ktogh for 
the facilities of his laboratory and for his counsel; and likewise to Dr. Dale, 
who very kindly permitted the repetition of a number of the ejq>eriments 
in his laboratory in London. 
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DESCRIPTION OF PLATE. 

Pt^ATK 1. 

Fig. 1.—Lateral border of the excised kidney of a small male Jf. tactUerUa, after immersion for 
5 hours in oxygenated Hamburger’s solution containing Q*03 per cent, phenol red. 
Concentrated dye in lumen of tubules. Magnification 29'8. 

Fig. 2. —Same kidney as 6g. 1 after injection of enough saline into the ureter to force 
the c(^tents of the tubules into the capsules of Bowman. Oval shadows represent 
the capsules distended with concentrated dye. Magnification, 29*8, 

Fig. 3.—Lateral border of kidney of a large female esculenia. Tubules distended with 
glomerular filtrate containing dilute phenol red as the result of aortic perfusion with 
0‘02 per cent, phenol red in oxygenated Hamburger’s solution at 35 cm. pressure. 
Magnification, 18*6. 

Pig. 4. —Same kidney as in fig. 3, later in the same experiment. Luraina of tubules now 
oontain concentrated dye as the result of perfusing the renal portal system with colour¬ 
less Hamburger’s solution, the aortic phenol-red perfusion having been discontinued. 
Magnification, 18*6. 
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The Effect of Gamma Irradiation on Cdi Division m 
Tissue Culture in Vitro. 

By B. G. Canti, M.D., and F. 6. Speae, M.B. 

(Communicated by Sir Frederick Andrewes, F.R.S—Received 27 May, 1927.) 

(From the Laboratoriea of the Kesearch Hospital, CSambridge*) 

The experiments described in the following paper were carried out in order 
to study the quantitative effects of gamma radiation upon mitosis in tissue 
cultures in vitro. They form part of a larger investigation into the causes of 
the disappearance of certain types of new growth as a result of irradiation* 
Strangeways and Oakley* carried out qualitative experiments with X-rays 
on tissue cultures in vUro. They showed that there was a diminution in the 
number of cells undergoing mitosis. This has subsequently been shown in the 
case of radium by Canti and Donaldson.f 

Quantitative experiments were then undertaken by Strangeways and Hop- 
wood}: who employed X-rays, and showed that there is a definite drop in the 
number of mitoses after I e unit (Friedrich) has been given. 

The objects of the present investigation may be classified under two headings 
as follows;— 

(1) To determine the rate of falling off in mitosis as the duration of exposure 
to gamma rays increases, the intensity of radiation remaining constant 
in any one set of determinations. 

(2) To determme the relationship of time and intensity which produces the 
same biological effect, as shown by the decrease in the number of cells 
in mitosis, by comparing this biological effect with the physical effect 
produced by irradiation of photographic. plates under corresponding 
conditions. 

The expenses in connection with this study were met by a grant from the 
Medical Research Council, and our thanks are due to the Radium Beige and 
Messrs. Watson & Sons for the loan of the radium employodt 

• Strangeways, T. S. P., and Oakley, H. E. H. *• The Immediate Changes observed in 
Tissue Cells after Exposure to Soft X-Rays while Growing in * Roy. Soc. FrCo,/ 

B, vol. p. 373 (ld23.) 

f Canti, R. G., and Donaldson, M. The Effect of Radium on Mitosis in VitrOt** ‘ Boy* 
Soe, Froc.,’B, voL 100, p. 413 (1926). 

% Strangeways, T. S. P., and Hopwood, F. L. ** The Effect of X-Rays on Mitotic CeU 
Division in Tissue Culture in ‘ Roy. Soo. Proo.,’ B, vol. 100, p. 283 (1926). 
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I .—The Hate of Falling Off in Mitods. 

Technique ,—The tissue was obtained from the choroid of chick embryos of 
6-7 days’ incubation. The cultures were grown in fowl plasma and chick 
embryo extract on a No, 1 oovcrslip, inverted over a hollow-ground slide sealed 
with paraffin and incubated at 37® C. Growths of the second sub-culture 
18-24 hours old were employed. All cultures were examined under a micro¬ 
scope in an observation incubator kept at 37® C., and no specimens were used 
which contained less than 20 cells in mitosis. 

Exposures were made in a “ radium lantern ” fig. 1), which consists 



Fig. 1.—^Radium lantern.—a, showing the container, load discs on runners, etc,, and two 
tubular distance pieces. 6, the same assembled. 


essentially of two discs of commercial lead 1 inch in thickness and 4 inches 
in diameter. Each disc is faced with | inch of brass, the centre of which is 
cut out to receive the hollow-ground slide containing the culture. The two discs 
are itnranged on suitable runners in such a manner that they can be easily 
approximated. 

The radium consisted of 100 milligrams Ra element in the form of the 
sulphate carried in a brass disc 50 mm. in diameter, which holds the actual 
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container made of platinum. This container has an internal diameter of 13 mm. 
and is 1*0 mm. in depth with walls 0*5 mm. thick. The radium container is 
arranged half-way between the two lead discs by means of distancers cut from 
brass tube, 50 mm. internal ^diameter and 3*6 mm. thick. The object of this 
design was to standardize conditions of exposure for both the biological and 
physical experiments, so that they would be independent of the nature and 
position of surrounding objects. 

In order to arrive at any one determination of the reduction in number of 
the cells in mitosis after irradiation, a number of cultures were selected, half 
of which were exposed to radium in a special radium lantern (viie supra), 
and half of which were fixed and stained to form controls. The reason for 
using more than one culture for each determination is that, although cultures 
of the same age and batch show, on the whole, considerable uniformity in the 
number of cells in mitosis, yet individual variation can be so great that deter¬ 
minations made on a series of single cultures may lead to inconsistent results. 
By taking, therefore, for each determination the average of figures obtained 
from several cultures, the margin of possible error can be reduced to a negligible 
quantity. 

Six sets of det/Crminations were made at 0*6, 1, 2, 3, 4 and 6 cm. respectively, 
and each set was plotted in the form of a curve. The distance between the 
radium and culture was measured from the centre of the mass of radium salt 
to the surface of the slide carrying the culture. Whilst in use the radium and 
lantern were maintained at 37® C. The cultures selected for irradiation were 
taken from the incubator and exposed to the radium either singly or in pairs. 
They were then returned to the incubator for 80 minutes,'*' fixed and stained. 

The control cultures were fixed at the time that the irradiation of the corre¬ 
sponding specimens was commenced. In th(5 cose of the necessary long 
exposures at 5 ems, an additional series of control cultures was fixed and 
stained after the completion of irradiation of the test cultures. The total 
number of cells in mitosis in the irradiated siweimens.was then counted and 
expressed as a percentage of the figure found in the case of the controls. 

With the radium acting at 0*5 cm. distance, exposures were made for 1, 
2, 2J, 3, 6, 9, 12, 15, 18, 21, 24, 30, 45 and 60 minutes. 

At 1*0 cm. exposures were made for 6, 8, 9, 12, 18, 30 and 60 minutes. 

At 2*0 cm. exposures were made for 24, 30, 45 and 60 minutes. 

At 3 cm. exposures were made for 60, 140, 210 and 270 minutes. 

At 4 cm. exposures were made for 90, 120, 210 and 360 minutes. 

At 6 cm. exposures were made at 600 minutes. 

* Strangeways and Oakley, foe, etf. 
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The rate of falling off in mitosis is shown by the counts in Tables I to VI, 
It will be seen from Table I that with the radium placed at 0»5 cm. from the 
culture there is no appreciable reduction in the number of cells in mitosis when 
the exposure has lasted minutes, but at 2 minutes the fall is marked, e.s., down 
to 63*6 per cent, of the number in the controls. This fall is continued as the 
duration of exposure increases until after one hour^s irradiation when the 
percentage is only 0-86. With the radium at 1-0 cm. (see Table No, II) the 
drop in mitosis does not commence until after the exposure has lasted 
6 minutes. Similarly it will be seen from Table No. Ill that at a distance of 
2*0 cm. the fall is delayed until after the culture has been exposed for 
24 minutes. 


Table I.—^Badium at 0*5 cm. from cultures. 


Duration of Irradia* 
tioft in Minutes. 

1 

1 

ij 

2 

2i 

1 

3 

6 

9 

Number of cells in 

1 






1 










mitosis . 

21 

23 

20 

22 

21 

35 

34 

39 

1 28 

8 

49 

8 

28 

7 

23 

7 


24 

22 

30 

22 

' — 

70 

33 

32 

54 

11 

20 

21 

— 

12 

42 

11 


22 


23 

U 

46 

48 

76 

55 

30 

26 

28 

24 

20 

— 

51 

3 


— 

20 

1 21 

37 

52 

— , 

54 

21 

45 

9 

46 

7 

25 

10 

35 

16 


26 

20 

43 

— 

36 

36 ! 

54 

23 

22 

13 

21 

13 

34 

10 

42 

8 


20 

25 

20 

40 

68 

49 

37 

26 

49 

14 

43 

23 

23 

6 

35 

H 


20 

23 


25 ! 

36 

20 

51 

26 

21 

14 

22 

10 

20 

9 

20 

5 


27 

22 1 

27 

20 

36 

30 

44 

22 

24 

5 

40 

0 

34 

10 

20 

12 

Totals . 

m 

161 

m 

210 ' 

295 

287 

383 

213 1 

273 

100 

209 : 

112 

m 

63 

268 

73 

Average per slide .... 

22 r 

23 1 

27^6 

30 1 

42 i 

41 

47'9 

30-4 

34‘J 

12-5j 

33'G 

14 

26‘3 

9 

33*5 9-1 

Per cent.^ 

101-3 1 

108-7 

97-3 

63-5 j 

\ 3G-7 1 

i 

41-2 

34-2 

1 

27-2 

Duration of Irradia¬ 
tion in Minutes, 

I 

12 

1 

I 15 

! 

18 

21 


24 

30 

45 

80 


Number of cells in 

















mitosis 

Si 

6 ! 

71 

12 

55 

1 

26 

8 

34 

5 

20 

2 ! 

69 

0 

111 

2 


32 

5 

53 

8 

38 

2 

43 

3 

41 

2 

39 

4 

34 

4 

70 

0 


38 

10 

50 

7 

41 

4 

39 

2 

24 

2 

37 

1 

30 

2 

32 

0 


33 

3 

49 

6 

24 

6 

61 

3 

22 

1 

— 

1 

21 

0 

44 

0 


U7 

13 

66 

8 

28 

1 

37 

9 

30 

3 

22 

1 

43 

1 

71 

0 


21 

9 

42 

11 

31 

3 

29 

3 

45 

6 

34 

3 

23 

1 

57 

2 


28 

8 

49 

11 

46 

0 

44 

1 

20 

4 

39* 


40 

0 

59 

0 


22 

7 

65 

U 

34 

7 

31 

1 1 

41 

2 

20 

2 

24 

1 

25 

0 

Total .... ■ 

325 

60 

435 

73 

297 

23 

310 

30 

257 

25 

202 

H 

284 

9 

469 

4 

Average per slide .... 

ib-e' 

7*6 

54 4 

9-1 

37>1 

2-9 

\ =? 

3-8 

sa-i 

3-1 

28-9 

2 

35-5 

1-1 

58*6 \ 

[)-6 

P»t cent. 

' i 

18-6 j 

16-7 

7-8 

9-8 

9-7 

6^9 

3-1 

0 

‘86 


in represent number of cells in mitosk in irradiated cultures. Figures in italic represent number 

cells in mitosis in oontixd cultures. 
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Table II.-—Radium at 1*0 cm. from culturea. 


Duration of Irradiation in 
MinutoB. 

; tt 

8 

9 

12 

18 

30 

«0 

^fumbcr of celU in mitofsifi 

26 

21 

1 

68 

19 

37 

15 1 

36 

24 

27 

10 

31 

5 

56 

4 


2S 

20 

47 

20 

21 

21 1 

26 

9 

29 

B 

28 

4 

27 

3 


21 

23 

21 

15 

42 

20 i 

21 ' 

15 

27 

10 

20 

5 

—. 

2 


20 

31 

20 

23 

20 

13 1 

38 

10 

21 

14 

30 

7 

28 

1 


23 

20 

31 

22 

27 

21 

32 

9 

20 

7 

23 

5 

43 

3 

1 

20 

20 

22 

20 

27 

10 

26 

15 

28 

10 

22 

8 

44 

2 


26 

23 

23 

12 

21 

14 

21 

14 

22 

9 

25 

5 

23 

1 


20 

20 . 

40 

i«, 

46 

15 

29 

21 

20 

16 

23 

6 

23 

3 

Totals . 

1H3 

184 

262 

153 

240 : 

129 

227 : 

117 

m 

84 

202 

45 

244 

19 

Average per slide . 

23 

23 

32^8 191 

30 16 

*13 

27-1 14*6 

24-3 10-5 

26-3 i 

5-6 

34-9 

2*7 

Per cent. 

1 100 

68-4 

53-7 

53*9 

43-3 

1 22 

1 7-8 


Table III. Radium at 2-0 cm. from cultures. 


Duration of Irradiation in 
Minuter. 

24 

30 

45 

m 

Number of cclla in mitosis .. 1 

*36 

51 

22 

22 

20 

36 

10 


66 

42 

26 

12 

13 

66 

12 


30 

53 

38 

a 

12 

30 

9 


36 

40 

59 

24 

10 

36 

11 

ToUls. 

168 

186 ! 

144 

69 

55 

168 

42 

Average per slide . 

48 

4G-6 

36 

17-2 

13-7 

48 

10*5 

Per cent.| 

— 97 

— 

47-8 

3H-2 

— 21*0 


* Owintf to breakage of the coveralip this count wa« carried out on half the apocimen, the neoeBsary correction 
being made below in the average calculation. 


Table IV.—Radium at 3-0 cm. 


Duration of Irradia¬ 
tion in Minutes. 

50 

no 

140 

210 

270 

Number of cells in 











mitosis . 

43 

38 

42 

14 

30 

11 

88 

34 

39 

% 


41 

50 

35 

37 

28 

11 

124 

22 

66 

15 


73 

80 

47 

21 

26 

11 

82 

25 

35 

5 


54 

32 

34 

21 

28 

12 

60 

20 

25 

6 

Totals . 

211 

200 

158 

93 

112 

45 

354 

101 

m 

u 

Average per slide 

52*75 

50 

39‘5 

23-26 

28 

11*26 

88*5 

25*25 

41*25 

8*5 

Per cent. 


96 

-- 68*9 

— 

40*1 

— 

286 


30'7 
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Table V.—Radium at 4-0 cm. 


Duration of Irradia* 
t4on in Minntea. 

90 

120 

210 

360 

1 

Number of oella in 
mitosis 


72 

96 

61 

28 

10 

48 

6 


42 

43 

09 

60 

40 

17 

2H 

2 


73 

48 

91 

64 

21 

11 

66 

3 


H 

40 

78 

61 

20 

14 

26 

6 

Totals . 

211 

203 

333 

246 

109 

52 

166 

17 

Average per slide 

62‘76 

50-75 

83-26 

61-6 

27-26 

13 

39 

4*25 

Per cent. . 

— m 

74 

48-1 

10-3 


Table VI.—Radium at 6-0 cm. 


Duration of Irradiation in Minutes. 

600 

4i 

Number of cells in mitosis . 

71 

22 

76 



68 

34 

64 



78 

39 

62 



62 

__ 

—. 



31 

:u 

42 



38 

18 

36 



69 

in 

54 



66 

32 

62 


Totals .1 

462 

192 

396 

Average per slide. 

67-76 

27-43 

56-43 

Per cent. 

— 

47-5 

— 


* Owing to the long time oooupied in irradiating the test epocimotm it was thought posslhlo 
that there might be a tailing>of[ o! mitosie in normal cultures. An additional aohea of Control 
Cultures were th€>refore fixed and stained aSter irradiation of the corresponding irradiated 
spedinens, and the number of cells in mitosis in them is shown in the third column. 

Again, at 3 cm. (see Table IV) no appreciable effect occurred at 50 minutes, 
but there was a reduction in the number of cells in mitosis to 68-9 per cent, 
after 110 minutes. At 4 cm. (sec Table V) there was no effect in 90 minutes, 
but a fall to 74 per cent, after 120 minutes irradiation. These effects are shown 
graphically in fig. 2. 

It Drill be noticed from the figures in these tables that there was no evidence 
that the number of cells in mitosis was increased as a result of irradiation. 

II .—Rdationship hetmen Time and IntmsUy. 

The rate of reduction in the number of cells in mitosis havii^ been studied, 
the next problem that suggested itself was to ascertain whether the same amount 
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of radiated energy brought about the same biological effect irrespective of the 
time over which that energy was radiated. For example, if the radium is 
moved further from the tissue culture to a distance whereby the incident 
intensity is halved , then will double the time be required to produce the same 
biological effect ? The choice of biological effect which at first sight would 
seem most desirable, would be the complete cessation of mitosis. Reference 
however to the graphs (fig. 2) shows that this would not yield a sharj> end point, 



Fig. 2. —Relation between time and intensity. Abscissae—Irradiation in hours. Ordinates—Mitosis 
percentage in irradiated specimens compaitid with control cultures, 

and it was therefore decided to choose a corresponding point on each of the 
curves where the rate of falling-off was rapid and yet the readings sufficiently 
far removed from those of the controls to be significant. The point at which 
50 j)er cent, fall in the number of cells in mitosis occurred fulfilled those require¬ 
ments, and a graph (fig. 3) was therefore constructed in which the time to 
produce this effect was plotted against distance from the radium. 

The graph thus constructed gives the relationship between time and distance, 
and the gradual tendency of the curve to become horizontal indicates that under 
the conditions of the experiment there is a distance beyond which the given 
biological effect does not occur, however long the radium is allowed to act. 

Owing to the fact that the radium was not a point source, and that scattered 
radiation could not be neglected, it was not possible to undertake a reliable 
calculation of the intensities used. A means, therefore, of measuring the 
intensity by direct experiment on photographic plates was devised, and the 
investigation was undertaken by Prof. F. L. Hopwood and Mr, Thome Baker. 

A scries of glass photographic plates of the same size as the microscope slides 
carrying the tissue cultures was exposed for various times to the radium in the 
radium lantern at the same distances as in the case of the cultures. The 
resulting blackening of the plates was measured by a Toy selenium-cell micro- 
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photometer. Stringent precautions were taken to obtain plates of uniform 
emulsion, to give them the uniform development, and to use only those meaaure- 



Fia. 3. 


ments which were found to lie in the region of correct exposure, as shown by a 
graph of exposures. From these photometric observations it was possible to 
obtain a curve of equal blackening as a measure of the physical response to 
irradiation. 

Table VII shows results obtained, the reciprocals of the time giving the 
relative intensities pertaining to those distances. 


Table VII. 


Cm. 

Jlelativo tittjo. 

1 1 

1 


3 

3 1 

0 

4 

10 (intorpolatod) 

5 

15 

7 

20 

10 

28-6 


Timef and di«Unce« at which equal blackening of the photographic plates occurred. 


Fig, 4 shows these readings plotted as a curve in a similar fashion as in the 
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case df the curve of equal biological effect, the physical conditions, except as 
regards temperature, being the same in both sets of experiments. 



In Table VIII the relative intensities at various distances are tabulated with 
the observed and calculated times necessary to bring about the same biological 
effect. 


Tabic VIIL—Showing time required to produce a 60 per cent, fall in the 
number of cells in mitosis. 


I)i«taneo of Ra 
from culture, 

(cm.) 

Relative intensity 
(obtained by photo¬ 
metric observation). 

Actual time taken 
to produce 50 per 
cent, fall in mitosis. 

Time calculated on 
physical basis 

intensity ^ *** 

1 

1 

12 

12 

2 

i 

30 

36 

3 

i 

126* 

72 

4 

A* 

210 

120 

5 

iV 

000 

180 


* Interpolated. 

A comparison, both of the two curves and of the third and fourth columns 
in the table, shows the difference between the physical response of the photo- 
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graphic plate and the biological response of the cultures. It indicates that the 
action of radium is not purely cumulative, but that as the intensity is 
decreased a longer time is required to bring about the same biological effect than 
would be anticipated by purely physical laws. 

Conclusions, 

1. Gamma radiation has a definite effect in reducing the number of cells 
in mitosis in tissue cultures in vitro. 

2. This effect is not demonstrable until the culture has been subjected to 
irradiation for a period of time, which is greater with a smaller intensity of 
irradiation. When this threshold is passed the effect upon mitosis is sudden 
and well marked. 

3. No evidence is seen of any stimulating effect of gamma rays on cell division 
imder the conditions of the experiments. 

4. Under the conditions of the experiment a longer time is required with the 
weaker intensities to being about a biological effect than would be anticipated 
from pmely physical considerations. 

6. The action of radium is not purely cumulative, and there is a minimum 
threshold of intensity, below which a given biological effect will not take place, 
however long the time of exposure. 
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The Distribution of Lymphatics defined by Fatty Add Compounds 
developed in the Autolysis of their Contents. 

By J. Lorkain Smith, M.D., F.R.S., and Theodore Rettie, D.Sc. 

(Received June 17, 1927.) 

(From the Department of Pathology, University of Edinburgh.) 

[Plate 2.] 

During the course of our study of the early phases of fatty degeneration, wc 
had occasion to consider the evidence advanced by some investigators in favour 
of the view that the tissue changes due to autolysis after death are continuous 
with, and in some respect»s identical with, those of pathological degeneration 
during life. Wliile wo were, for this purpose, examining sections of the liver 
by microscopic and microchemical methods, our attention was arrestcjd by the 
eviden('o of lipid autolysis occurring in the portal lymphatics of certain animals. 
After death, autolysis slowly proceeds in all tissues and fluids of the animal 
body, and chemical changes in proteins and fats or lipids result. Our investiga¬ 
tion was restricted to changes in fats and lipids. Animal tissues and fluids 
kept for a few days at room temperature, all exhibit, under the polarising 
microscope, doubly rcfractile globules showing a black cross on a light ground. 
On the other hand, these form in some tissues earlier than in others. They 
result from autolytic hydrolysis of fats and lipids, leading to the formation of 
spherules of compound soaps. 

Of all the organs, the liver is one of the most suitable for the study of the 
process of autolytic saponification, and if that of the ox, or of smaller animals 
such as the guinea-pig, be used, it will be found that in certain cases, though 
not in all, the globules of soap may be observed in the portal lymphatics before 
they appear in the (‘pithelial cells, the blood, or any other site in the liver. In 
such cases they fill the channels continuously and, like an artificial injection, 
give definition of the form and distribution of the l 3 nuphatic 8 . In a section 
under a polarising microscope, the lymphatics stand out as structmres of stem 
and branch brilliantly lit on a dark ground; under an ordinary microscope 
with transmitted light, they arc opaque, almost black, on a relatively clear 
ground. With the same microscope when the mirror is turned ofi and^nly 
reflected light is available, they appear grey-white. With either transmitted 
or reflected light the anatomical form and arrangement of the portal lym- 
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phatics are well brought out by the ordinary binocular dujsectiug microscope 
with a magnification of 30 diameters. 

In the same conditions of autolysis the lymphatics of other organs also— 
pancreas, kidney, mesentery, lungs, meninges—are similarly defined. The 
liver of the guinea-pig, however, may well be selected for investigation 
because the portal lymphatics are very abundant and their contents rich in 
saponifiable material. 

With autolysis of the tissues there is, before long, an accompanying growth 
of bacteria and moulds. In tissues, however, in the condition most favourable 
for observation the autolytic changes are well defined before these organisms 
have grown to any extent. The original observations which led us to begin 
this investigation were made on a piece of calf’s liver, as it came from the 
butcher’s shop. 

The body of the guinea-pig to be exaniine<l should not be opened until the 
process of autolysis has developed sufficiently for purpose of the observa¬ 
tions. Tissues exposed to the air, and especially in summer weathcu*, are soon 
invaded by moulds, and we have foimd that where growth is abundant the 
formation of doubly refractile globules is relatively absent. It is possible 
to control the growth of moulds and bact(»ria in an organ, removed from the 
body, by keeping it in an antiseptic atmosphere, and for this pur]:>O 80 toluol 
vapour is recommended. Toluol, however, has a distinct inhibitory effect on 
autolysis of lipids, and in the surface layers dire<?tly exposed to the action of 
toluol there will bo little, if any, formation of the globules. 

We tried the method of immersing the guinea-pig’s liver in toluol. The 
grov^h of organisms was prevented, but autol 3 ^tic globules were found only in 
the centre of the organ away from the direct action of the toluol. We have 
not discovered an antiseptic which inhibits the growth of micro-organisms 
without interfering with the process of autolysis. 

The method of observation is as follows: Of tissue from a liver kept for 
a few days—seven or more—sections are cut by hand with a sharp razor, spread 
on a slide, and cleared in glycerine. To this direct method there is an alterna¬ 
tive ; since the saponified mattirial is very insoluble in fat solvents, the tissue 
to be examined may be fixed in spirit, the sections then made by hand, as 
before, dehydrated in alcohol, cleared in clove oil, and moxmted in balsam, 
Of aqueous fixatives, saturated corrosive sublimate is the only one we have 
found, 80 far, that docs not diaperse the globules. 

The soap globules have the following characteristics: They are insoluble in 
alcohol, ether and chloroform, opaque in transmitted light, and doubly refractile 
voi,. on.—-B. 


I 



104 J. L. Smith and T. Rettie. 

in polarised light, as already stated ; they stain black with osmic acid, dull 
red with Sudan ; they are rapidly hydrolysed and dissolved in dilute alkaline 
solutions; in dilute acids they lose their double refraction and are partly 
dissolved. 

Fig. 1 (Plate 2) is a photograph of a section of the liver of a guinea-pig, after 
autolysis for 10 days, no fixation, cut by hand, mounted in glycerine. For this 
preparation a section was made parallel to the surface of the liver to show the 
distribution of the lymphatics, as they appear underneath the outer serous 
capsule. The photograph shows acini ol the liver ; confined to the region of 
the portal tracts and forming an outline to these acini, strands of lymph 
capillaries, partly a meshwork and partly free terminals, not penetrating 
among the columns of liver cells, and not coextensive with the blood sinusoids. 

With regard to the distribution of the portal lymphatics, the results brought 
out by this method are in agreement with those of Herring and Simpson (1), 
obtained by injection. 

Fig. 2 is a photograph by polarised light with crossed nicols; section from 
liver of guinea-pig, autolysis for eight days, tissue not fixed, section by 
iwud, glycerine mount. The normal arrangement of the lymphatic channels 
in relation to the acini has been a little disturbed in the process of mounting. 
Saponification has occurred, as yet chiefly in the contents of the lymphatic 
channels ; only a few doubly refractile globules appear in the acinar tissue 
occupying the areas between the Ijmphatic branches. 

This preparation demonstrates the beginnings of the lymphatics in the form 
of closed tubes, the rich content of saponified material in the channels, and 
the restricted distribution of lymphatic capillaries in the liver, where blood 
capillaries or sinusoids are everywhere present in abundance. 

To obtain tissues showing the changes due to prolonged autolysis, the body 
of a dog was kept in the ice chamber for three months. The livet showed 
abundant doubly refractile globules in the acini, but scattered irregularly 
and not giving definition to the columns of epithelial cells or the blood channels. 
They occurred also in the lymphatics, and so massed as to give anatomical 
definition. 

Fig. 3.—Photograph by polarised light of section of liver of guinea-pig 
after autolysis for seven days. No fixation; glycerine mount. In the centre 
of the field is a dark shadow due to a blood-vessel; lumen filled with red blood. 
No doubly retractile globules have yet formed in the lumen of the blood¬ 
vessel. Encircling the blood-vessel are lymphatics; branching structures 
white from their content of doubly refractile spherules. 
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Fig. 4,-“Photograph by transmitted light of section of the liver of a foetal 
guinea-pig. Autolysis for 14 days. Fixed in spirit; mounted in balsam. 
The l 3 Taaphatics in this liver also are defined by their doubly refractile contents. 
As yet no sign of saponification in the acini. The interest of the observation 
lies in the fact that the whole of the fatty material brought to the foetal liver 
has come from the maternal blood. In the placenta, however, there was no 
evidence of autolytic saponification. The photograph shows further that the 
contents of the lymphatics have saponified before any similar change has 
occurred in the epithelial cells. The order of saponification frequently observed 
in the adult occurs also in the foetal liver. 

To interpret the order of saponification involves a distinction in the material 
to be saponified, and the cases accordingly fall into groups. The first group 
consists of those in which autolysis in the lymphatics is prior to that in any 
other site. Another ^oup includes those in which saponification occurs in and 
among the epithelial cells and in the lymphatics simultaneously; and there 
is a third group in which it occurs in the acini, but not in the lymphatics. 
The origin of the material is twofold: (a) the lipid of cell cytoplasm is a 
constant source, and, though it may be sooner or later, evidence of saponifi¬ 
cation in cells is invariably forthcoming; with the cells may be grouped blood 
and tissue fluid; (6) the masked substance in the lymph, present or absent 
according to the activity of the lymphatics in the area examined. 

In general, our observations confirm the conclusion that portal capillaries 
contain a lymph of high concentration. 

We have, so far, described the material saponified in the lymphatics as a 
masked constituent of the circulating lymph. The question arises, could 
not this material have its origin in the endothelium of the wall of the lymphatic 
and be due to autolysis of cells and not of normal constituents of lymph ? 
While some of the material may have come from endothelial cells, it seems 
doubtful if more than a small part of it could have this source. We are 
reminded of Tait and Hewitt’s (2) observations on the lipid contained in the 
endothelium scraped from the intima of the bullock’s aorta. At the same 
time, relative paucity of doubly refractile globules in the blood-vessels is the 
rule in the conditions we have observed. They may be, and often are, 
practically absent from the blood-vessels in liver sections, in which the 
epithelial cells are studded with globules and the lymphatics stand out as if 
they had been injected with anisotropic material. In relation to this question 
we made observations on the autolysis of the wall of the lymphatics in a liver 
when disintegration had reached an advanced stage. 

I 2 
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In the liver of a guinea-pig kept until the tissue had been reduced by 
autolysia to a semi-fluid mass, we found it still possible to demonstrate the 
portal lymphatics, and not only so but under a dissecting microscope we 
could, by the aid of a needle, drag out from this mass groups of lymphatics 
more or less intact, spread them on a slide, mount and preserve them. 

Fig. 5 (Plate 2) is a photograph of a specimen obtained in this way. The 
loosened or fluid liver tissue has been separated from the lymphatics even to 
the finest teminals, and round them there remains adherent only a little 
homogeneous brown substance, hardly to be made out in the photograph. 
Against this d(^gree of destructive autolysis the wall of the lymphatic has 
been resistant, and it is doubtful if any other element in the texture of the liver 
has the same power of survival. The prolonged resistance to autolysis by the 
wall is in marked contrast with the appearance of autolytic globules in the lumen, 
always an early change when it does occur, and sometinies prior to any other. 
There is therefore no evidence that autolysis of the wall is the source of a 
substantial part of the material which is found in the lumen of the lymphatic 
channel. 

Further proof that the doubly refractile spherules are derived from lymph 
is obtained on examining a section of a regional lymphatic gland. 

Fig. (J is a photograph by transmitted light of a section of a lymph gland from 
the hilum of an ox liver; tissue fixed in spirit after autolysis for 10 days; 
cut by hand, mounted in balsam. It shows the peripheral sinus immediately 
under the capsule at a f)oint where it is filled by a mass of opaque spherules. 
Wince they are dou})]y refractile, they light up under the polarising microscope. 
Throughout the channels, therefore, from the minute terminals to the sinuses 
of the regional glands, the lymph show's the same changes. 

The general result of the investigation is a demonstration of the form and 
arrangement of the portal lymphatics of the liver. The anatomy of the 
lymphaticKS is revealed by a process of autodnjection. The interpretation of 
the process raises questions regarding the production of lymph in the liver and 
the composition of the lipid it contains. The method takes advantage of 
spontaneous hydrolysis of the normal contents in the lymphati(« after death. 
As neither fixation nor staining are necessary, the sole effect in viitue of which 
the lymphatics are defined is due to agencies present in the tissues. The 
hydrolysis is ihv dir^t result of cessation of the circulation of blood and lymph 
in the liver. Lipid is present in the plasma of the sinusoid blood, in the tiaeue 
fluid of the acinus, in the c}topla8m of the epithelial cells, and in the lymph. 
Sooner or later autolysis of lipid will occur in each of these sites, but according 
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to OUT observatioiifii the channel of the lymphatic has proved, in many cases, 
a site of autolysis more favourable than any other in the liver. In other words, 
with the absorption of the lipid from the tissue fluid into the channel of the 
lynaphatics there is associated some condition responsible for the relatively 
rapid development of autolytic change. Of the four sites, the lymphatic 
channel, though the last in the physiological sequence, is often the first to show 
the hydrolytic changes. Further investigation of the order of autolysis would 
probably throw some light on the relation of the liver to fat metabolism and 
transference. 

Another question is the nature and relative amount of fatty substance in the 
lymphatics of the liver. Analyses of lymph have shown that in regard to 
fat content it does not widely differ from blood plasma. Apart from the lymph 
of the lacteals, which may be creamy from the mass of absorbed fat, the lymph 
of the liver is more concentrated than any other in the body. According to 
Starling (3), the lymph of the portal capillaries contains 6-8 per cent, proteids, 
and is, in fact, almost as concentrated as the plasma within the blood-vessels.’^ 
While the observations we have made lead us to conclude that the lymph of the 
liver, as a rule, is correspondingly rich in lipid also, it must be remembered 
that in certain cases the portal lymphatics failed to show autolytic spherules. 
The variation in lipid content may depend on the metabolic activity of the 
liver in relation to the fat of the diet, or to some more specific condition of 
metabolism. We have recorded observations on the liver of a foetal guinea-pig 
to show that the same hydrolysis of lipid occurs in the portal lymph in the 
absence of immediate absorption of fat from the alimentary canal. 

From these observations we conclude that normal lymph of the liver contains 
in masked invisible form simple or combined fat, and that in the oonrm of a few 
days after death this undergoes hydrolysis in the channels. The fatty acids 
set free form insoluble soaps. 

It is sufficient for the present purpose to follow the accepted doctrine, and 
state the reaction simply as a combination of fatty acid and base. On the other 
hand, we do not yet know in what form the fat exists in the lymph. The 
masking of it may be due to a division so fine that it is invisible, or it is invisible 
because it is in a form of combination which fat stains do not detect. Until we 
have information on this, it will be impossible to describe the steps in the process 
of saponification more exactly. That it is a process in which the form of the 
soap is gradually changed seems to us probable from observations on the 
temperature of the clearing point and the solubility in various media. 

The foregoing account of the Ijinphatio system is a record of observations 
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made, for the most paart, on tissues (liver, etc.) from the oat and the guinea-pig* 
In them we found it relatively easy to obtain evidence df lymph autolysis. For 
confirmation, however, the tissues of other animate were examined, including 
sheep, pig, dog, cat, rabbit, rat, mouse, chicken, and in each positive results 
were forthcoming. At the same time, there are interesting variations even in 
the same species. 

To these are to be added observations on human lymphatics, chiefly with 
regard to portal tracts. In subjects a few months old there is evidence of 
l 3 maph autolysis similar to that already described in animals. As age advances, 
the evidence, for reasons not yet determined, becomes less definite. With the 
widespread and abundant formation of autolytic globules in the epithelial cells 
of adult human liver, it becomes more difiicult to define the lymphatic structures; 
there is no massive content of spherules to give them xjrominence. It will be of 
interest to inquire to what extent, if at all, this difference between infant and 
adult is related to the changes that normally occur in the composition of the 
fat as age advances. 

The definition of lymphatics by this method has opentM^ up a number ttf 
questions regarding the circulation of Ijmiph. There are, for example, indica¬ 
tions that lymphatic glands have, as indeed has long been suspected, some 
definite metabolic activity in relation to the current. So far as lipids are 
concerned, the method will enable us to observe the changes in »itu. 

In the same way, with the method comes the opportunity of observing the 
activity of blood capillaries in the absorption of fat from adipose tissue. 

In general, the method is applicable to the lymph or blood circulation of any 
area or tissue specially concerned with the metaboUsm of fat. 

No attempt has been made to investigate osdema and other pathological 
conditions of the lymphatic circulation, or the effect on lymph of metabolic 
disturbances, such as fatty degeneration of the liver. While we have every 
reason to believe that the application of the method to such problems will be 
fruitful, we have been compelled to limit ourselves, for the present, to the field 
we have described. 


Conclusions. 

The following are the chief subjects discussed in the paper 

1. A method of demonstrating the anatomical form and arrangement of the 
lymphatics of the liver by observing the post-mortem autolytic changes, in the 
lymph, 

2. Autolysis of the lipid contained in this lymph forms doubly refraotil'^ 
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globules of “ Often in siich quantity ^at the lumen of the channel is 

filled coiltinuoufllj. 

3. Lyiut?hatios of the liver are define^ Ij^use in them the globules form 
abundantly and aet a stage when, as yet, noSsign of them is to be found in any 
other site. 

4. Tlie portal lymphatics of tjie ^inea-pig’s liver afford'the best demon¬ 
stration of lipid autolysfe in lymph. With the description of their structure 
is included a preliminary discussion of some of tlie physiological questions 
which ariflo in applying the method. 

We beg to acknowlcdge> with thanks, the helpful criticism we have received 
from colleagues aijO^i fellow workers. The preparation of the photographs has 
been Mr. Richard Muir’s contribution to the investigation, and we are much 
indebted to him for his generous assistance. 
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DESCRIPTION OF PLATE 2. 

Fxo. 1. Liver of Guinea-pig. X 30. (So© p. 104.) 

Fiq. 2. Liver of Guir\ea-pig, polarised light. X 30. (Sec p. 101.) 

FiO. 3. Liver of Guinea-pig, polarised light, x 40. (See p. 104.) 

Fia. 4. Liver of Guinea-pig Foetus, x 30. (See p, 105.) 

FiO. 5, Lymphatic structure detached from autolysed liver of Guinea-pig. X 18. (St^e 

p. 106.) 

Fig. 6. Lymph Gland of Ox. x 40. (See p. 106.) 
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The Mammalian Lacteal: its Histological Structure in Rdation to its 

Physiological Properties. 
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(Plates ^5.) 

1. Introduction, 

One of us (H. W. F.) (7, 8) has already noted that the mesenteric lacteals 
contract on appropriate stimulation in a number of animals. He also observed 
in the guinea-pig and the rat that the vessels were rhythmically contractile. 
In the latter species the nuclei of circular muscle fibres in the lacteal wall 
could be seen in the living condition. The difficulties, however, of making out 
the part played by smooth muscle cells and nuclei in such contractions are 
very great in the living preparation. It was, therefore, resolved to supplement 
these observations on the living mesentery by others on fixed and stained 
material. In some cases the excised lacteal had actually been observed to 
contract in the living mesentc^ry. 

The mesenteric lacteals of the cat have been taken as a type, and special 
attention havS l)een paid to the distribution of smooth muscle fibres in the 
lymphatics in the various species studied. 

2. Methods, 

An apparatus enabling microscopic observation to be made on lacteals in 
the living animal has already been described by Florey elsewhere (7). For the 
preparation of fixed specimens, areas of mesentery containing lacteals were 
lightly stretched over a wide glass tube; a thread was tied round the tube ; 
the mesentery outside the thread was cut away; the tube and the stretched 
jwrtion of mesentery were then fixed in 2*6 per cent* or 6 per cent, formalin. 
Another method of obtaining uncurled pieces of mesentery was to place a 
piece of filter paper beneath the mesentery ; a portion of the latter containing 
lymphatics was then cut out with the underlying filter paper, which was then 
drop|>ed, mesentery downwards, into a Petri dish of the fixative. The great 
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majority of mesenteries so treated remained lightly adherent during fixation 
to the paper. They were easily detached prior to staining. 

A number of stains were used, but the most suitable general stains for whole 
preparations were found to be the iron haBmatoxylins of Heidenhain and of 
Weigert. Both these methods, after careful differentiation beneath a staining 
microscope, give good pictures of lacteals. 

Whole preparations made in the ways referred to above can be studied 
with powers up to a 3, and even a 2 mm., apochromaticoibimmersion objective. 
Sections were prepared by fixing pieces of mesentery in 5 per cent, formalin, 
cutting at 5p, and staining by the usual methods. 

3. Histology of the Lacteals, 

A. TJie lacteals of the cat .—Sections of mesenteric lacteals show :— 

(i) An endothelial layer. The cells comprising this are very similar to the 
endothelium of a vein, except that their arrangement and outlines are 
more irregular. Often the nuclei of the lacteal endothelium are rather 
obliquely 8<^t (see Plate 3, fig. 4). This, of course, is the result of the more 
irregular imbrication of the endothelial cells in lymphatics. 

(ii) An adventitial layer. In a fairly large lacteal (see Plate 4, fig. 6), of 

160 by 460 p. in diameter, the wall of the lacteal is made up of fine 
collagen fibres. Between these are small and rather darkly staining 
nuclei which we identify as connective tissue nuclei. The outermost 
fibres of the adventitia merge into those of the mesentery. 

An elastic framework, mingled with the collagen fibres, is constant in lacteals 
other than lymphatic capillaries. These fibres are mainly longitudinal with 
frequent cross-anastomoses. The latter are ofttni cut through obliquely in 
transverse sections of the vessel (see Plate 4, fig. 7). 

The collagen fibres of a lacteal (Plate 4, fig. 6) are very thin as compared 
with those of a vein of approximately the same calibre (Plate 4, fig. 9). When 
the vessel contains lymph at the moment of fixation, the proteid is precipitated 
to form a very fine granular coagulum. Two small lacteals, closely applied 
against the larger vessel, are also shown in fig. 6 ; their walls are composed of 
endothelium and a few very fine collagen fibrils. Capillary blood-vessels are 
often found closely applied to the lacteal’s wall. 

The above description merely confirms that given in the well-known works 
on microscopic anatomy [e.g.j Schafer (14), Delamarre in Poirier (11), Prenaut 
Imd Bouin (12); Bartels in Bardeleben (1)]. 
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SnuH^h muscle fibres^ when they occur, are intimately mingled with the 
collagen fibres and the connective-tissue colls of the lacteal wall. Some care 
is necessary to distinguish between smooth muscle and the other elements, 
and we have found the following criteria valuable :— 

(i) The nucleus of the smooth muscle fibre is relatively larger than that of 
the connective tissue cell. 

(ii) Its tendency to take up stains is generally less marked in one and the 
same preparation. 

(iii) The smooth muscle nucleus is transversely or rather obliquely orientated 
with regard to the long axis of the lacteal. It is never parallel to the 
latter. This is in contrast-with the endothelial nuclei. 

(iv) The spiral nuclear fold of the smooth muscle nucleus is often a very 
useful criterion in fixed and stained specimens. With certain metallic 
impregnation methods, such as the Cajal method for the Golgi bodies, 
this spiral structure is deeply impregnated, as shown by Rio Hortega (13), 
and confirmed by one of us [H.M.C.; 2]. It then looks like a spiral 
band wrappt^d around the nucleus. In carefully difierentiated sections 
stained in Heidenhain’s iron hasmatoxylin, the spiral “ band is seen 
really to be a rather irregular fold or incision running spirally along 
the nuclear membrane of the smooth muscle fibre (Champy and Carleton) 
(3). It can also be observed in unstained preparations mounted in a 
medium of low refractive index. 

We have made use of this structure to distinguish between the nuclei of 
smooth muscle, and, for example, those of connective tissue. We have never 
seen this spiral incision in cells other than smooth muscle cells; on the other 
hand, not all smooth muscle nuclei show it. So that, while a nucleus showing 
spiral folding can be branded as belonging to a smooth muscle fibre, a nucleus 
in which this structure is not present cannot, on this score alone, be eliminated 
from smooth muscle. It is necessary, in such cases, to assess the type of cell 
on points i, ii, and iii also. 

Regarding the nature of the spiral nuclear fold, it is quite possibly an 
artefact, in the sense that it represents a contortion due to abnormal con¬ 
traction of the muscle fibre when brought into contact with the fixative. 

We must point out that the identification of an isolated smooth muscle fibre, 
lying between collagen fibres and connective-tissue nuclei, cannot be established 
by staining reactions only. For instance, although van Gieson’s stain will 
selectively stain the collagen fibres red, an isolated smooth muscle fibre will 
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not be stained yellow. It will tend rather to stain like the surrounding 
(fuchsinophii) collagen elements. 

Examination of many sections and whole preparations has led us to conclude 
as follows; The medium-sized lacteals (i.e., of 100 to 200p. in diameter) 
contain t 3 ^ical smooth muscle nuclei. In transverse sections of lacteals they 
are difficxilt to find. This is because they are relatively few, os compared with 
the endothelial and connective-tissue nuclei. In longitudinal sections which 
have shaved the outer wall of the vessel smooth muscle nuclei are more easily 
found. In whole preparations they can be identified with facility when present 
(see Plate 3 ; figs. 2 and 3). 

The spiral nuclear folds are shown in fig. 3 ; in fig. 2 the region of the lacteal 
depicted does not show these spiral incisions—a rare condition. But even here 
the orientation, size and position of these nuclei in the connective-tissue 
framework of the vessel wall enables one to identify them. 

In the smaller lacteals smooth muscle nuclei cannot be seen. In Plate 3, 
fig. 1, is shown a segment of such a vessel some 30 p. in diameter. The 
endothelial nuclei on the upper and lower surfaces can be seen ; a few connective- 
tissue cells are scantily grouped along the vessel. But there are no smooth 
muscle elements, nor can any be seen after careful examination of the entire 
length (4 mm.) of the vessel included in the fragment of mesentery. Yet 
lacteals of this size in the cat contract on strong stimulation by a faradic 
current. 

B. The lacteals of the squirrel .—The vessels in this animal may easily be 
seen to contract on stimulation by a faradic current applied by means of a fine 
unipolar electrode. An annular contraction appears at the point stimulated, 
slightly spreading along the vessel. The diameter of the latter may be reduced 
by about one-third. 

The general histology of the lacteals is much as in the cat. Extensive search 
for smooth muscle nuclei or fibres in small and medium-sized lacteals (i.e., in 
vessels up to 300 p in diameter) has convinced us that muscular elements are 
nearly—if not entirely—absent. We say “ nearly absent ” although we have 
not seen any smooth muscle nuclei in vessels up to the limit mentioned (300 p 
diameter). But obviously the total length of lacteal examined beneath the 
microscope is far inferior to that in a whole mesentery. Still stronger evidence, 
however, that contraction in these vessels may be independent of muscle, 
is furnished by the excision and careful examination of segments of lacteal which 
had previously been seen to contract in the living. Examination of such 
segments, each over 4 mm. in length, has failed to reveal smooth muscle nuclei 
or fibres. 
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In Plate 3, fig, 4, one side of a lacteal from the squirrers mesentery is shown. 
The diameter of this vessel, in a fixed and stained whole preparation, is 110 p; 
its length, 11*25 mm. No smooth muscle nuclei or fibres can be found. The 
slightly oblique and pale nuclei (E.2) are seen, on focussing, to be obviously 
endothelial. The darkly stained and sometimes oblique nuclei (X in the 
figure) are easily identified on focussing, with the nuclei of the fat cells and their 
connective tissue framework lying about the lacteal. 

C. TJie distribuiiini of smooth muscle nudei and fibres in some other animals ,— 
In the guinea-pig, thfi rat and the mouse, the medium-sized lacteals contain abun¬ 
dant smooth muscle. In the rat smooth muscle nuclei and fibres are also found 
in fairly small vessels. Thus, in Plate 4, fig. 5, there are abundant smooth 
muscle nuclei, the majority of which show the spiral folding. The outline of 
a mu sole fibre (rarely seen in whole preparations) is shown at M.F, in this 
figure*. The diameter of this vessel was 50 p. 

In some specimens of lacteal of the dog, the hedgehog, and the •pig, smooth 
muscle was plentiful in the larger vessels, particularly in the dog. Our scanty 
preparations of these species show no small lacteals, so we cannot say whether 
these contain muscle or not. 

In the raiMt smooth muscle nuclei are easily itlentified. 

(4) The Nerves of the Lacteals. 

Observations were made on the nerves of these vessels by vital staining with 
methylene blue. The dye used was “ methylen blau, rectif, nach Ehrlich of 
Griibler/' and was administered in warm saline intraperitoneally. 

In the guinea-pig the uerve.s of the lacteals were very clearly shoTO after 
injections of 0*5 per cent, and 0*25 per cent, solutions of the dye. The amount 
injected varied from 25 c.c. to 75 c.c. The animals were killed 1^ hours after 
the injection. Pieces of mesentery, stretched out on filter paper, were fixed 
in a saturated aqueous solution of ammonium picrate. They were mounted, 
examined and photographed also in this medium. 

The nerve,8 of the lacteal wall pursue a mainly longitudinal course and are 
finely varicose (Plate 5, fig, 10), They are amyelinated. No nerve cells are 
visible. 

In the squirrel (Plate 5, figs. 11 and 12) the peri-lymphatic nervous network 
was demonstrated by an intraperitoneal injection of 0*6 per cent, methylene 
blue, and the animal w*i8 killed 1 hour afterwards. 

In the large lacteals (i.c., in those of 200 p in diameter and above) the nerve 
fibres anastomose freely and form a network. Between the anastomoses nerve 
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cells can sometimes be seen. Pine twigs can also be observed to run towards, 
and to touch, the smooth muscle fibres Which exist in the large lacteals in the 
squirrel. The relation of the nerves to the muscle fibres cannot be satisfactorily 
shown in a microphotograph on account of the thiclcneas of the vessels and the 
refringenoy of the fat around them. 

In the small lacteals, devoid of smooth muscle, no nerves can be made out. 
This would suggest that the nerve supply of the lacteal in the squirrel is motor, 
but we would not, at present, go further than suggesting this as a possibility. 
We have only examined the nerve supply of the squirreFs lacteals in one 
animal. The methylene blue method is capricious, and a negative result, 
with regard to the nerve supply to the endothelial portion, unless repeatedly 
confirmed, miist be accepted with some reserve. 

The results here recorded on the nerve supply of lacteals are in agreement with 
the observations of Dogiel (6) and Kytraanof (10) who, however, studied 
other l}rmphatic8 than those of th(? mesentery. 

6. IMscmsion. 

From observations recorded elsewhere (7 and 8), was found that in two 
species-' the rat and the guinea-pig—rhythmically contractile lacteals were 
present. Other species so far examined under precisely similar conditions 
have not given any evidence of rhythmicity, though found to be contractile to 
various stimuli. In searching for a possible cause for this the present 
histological investigation was made. 

It would appear that there is no essential difference detectable in the lactej^Is 
of the guinea-pig and rat on the one hand and the cat on the other, except tfeat 
the two former species have a rather more abundant supply of smooth muscle. 
When it is said that a lacteal of the guinea-pig is not nearly so rich in muscle as a 
mesenteric vein of corresponding size, some idea will be gained of the small 
complement of smooth muscle which is capable of imparting rh}i:hmical pro¬ 
pagated contractions to these vessels. 

The question arises as to the cause of this rhythmic action. Is it the result 
of nervous influences, or is the smooth muscle solely responsible ? In prepara¬ 
tions from guinea-pig mesentery no nerve cells have been rendered visible by 
the methods used, but, on the other hand, in the squirrel, definite nerve cells are 
present. It is therefore difficult to deny the possibility that the rhythmicity 
present in the guinea-pig’s lacteals may owe its origin to the presence of nerve 
cells—though none have been seen in our preparations. 

One species—the squirreV-has a very scanty supply of smooth muscle. It 
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is only in vessels above 406 (x that any can be detected* In the sinaUer 
lacteals of the cat also no smooth mtiscle can be found. These veesels have 
been seen to contract when stimulated by a strong faradic current or mecham- 
caily. It must be confessed that neither of these stimuli are physiological, and 
that the vessels without muscle nuclei do not contract to such drugs as adrenalin 
or pituitrin. Nevertheless, it would appear that one is dealing with vessels 
which are capable of contraction, though possessed only of an endothelial wall. 
There can be no question of the |)re8ence of such cells as the Rouget tjrpe to 
account for contraction. Smooth muscle, after the most careful search has not 
been found. 

Tarchanoff (15), at the same time as he described the contraction of blood 
capillaries in the tadpole’s tail, described similar though slower contractions 
in the lymphatic capillaries. The contention of Florey and Carleton (9) and 
E. E. and E. L. Clark (4, 5) that capillary contraction is quite independent of 
the presence of Rouget cells is strengthened by the above observations. 

6. Summary. 

1. The histological structure of the mesenteric lacteals of the guinea-pig, rat, 
cat, mouse, hedgehog, dog, pig and squirrel is described. 

2. There is no histological evidence to show why the lacteals of the rat and 
guinea-pig are contractile and those of other species und^ the same conditions 
are not. 

3. It is pointed out how small an amount of smooth muscle is responsible 
for the rhythmic contraction in the rat and guinea-pig. 

4. The lacteals of the squirrel of less than 400 jx in diameter do not possess 
any smooth muscle. They are, however, contractile to electrical and mechani¬ 
cal stimuli. These phenomena are adduced as additional evidence that 
some endothelial structures are contractile. 

6. The lacteals of the guinea-pig and squirrel have been shown to be 
innervated. The nerves are probably motor. Nerve cells have also been 
found on the vessels in the squirrel. 
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(8) EXPLANATION OF PLATES. 

Platjk 3. 

All the figures are drawn with the Abbe camera lucida. Nos. 1 to 6 are from “ whole 
preparations ** of mesentery; in these the uppermost nuclei or oells are depicted darker 
than the underlying elements. Both endothelial suriaoes (i.c., upper and lower with regard 
to the objective) are conventionally demarcated in this manner, except in fig. 5, in which 
only the upper wall of the vessel is shown. Figs. 6 to 9 are ail from sections of 6 p in 
thickness. 

The arrows point towards the lumen of the lacteal. 

Lettering,—A.T.C. adipose tissue cell; CAP =« capillary blood-vessel; O.F. 

collagen fibres; C.T.N. — oonneotive-tissue nucleus; E‘ endothelial nucleus seen 
in profile ; E* — endothelial nucleus seen “ en face **; E.F. -- elastic fibres; LY i:= 
lymphocyte ; M.F. »= outline of smooth muscle fibre; S.M.N. =» smooth muscle nucleus ; 
X. see the explanation of tiie figure. 

Fio, 1 (X 1060).—A small lacteal in a whole preparation of mesentery of oat. Transverse 
diameter circa 80 p. Formol; Weigert’s iron hsematoxylin—van Gieson. 

Endothelial (E^ and E*) and connective-tissue nuclei (C.T.N.) can be seen, but no 
smooth muscle nuclei. The length of this vessel is 3 mm.; no smooth muscle nuclei 
of fibres can be seen anywhere along it. 

FiOi 2 (X 1050).—A portion of the wall of a fair-sized lacteal in the same specimen. 
Diameter circa 125 p. Smooth muscle nuclei (8.M.N.) arc here present, in addition to 
those of the endothelium and connective tissue of the lacteal. The smooth muscle 
elements are only slightly, if at all. contracted. Hence the spiral nuclear incisions, 
so often shown in fixed and stained specimens of smooth muscle (see fig. 8) are 
not in evidence. 

Fio, 3 (X 1060).—Another portion of the wall of a large lacteal of the oat. Diameter 
circa 220 p. Formol; Weigert’s iron hamatoxylin. Tm*o oharacteristic smooth 
musclenuol«i (B.M.NJare8eeii lying outside the endothelium transversely to the long 
axis of the vessel. Spiral nuclear incisions are shown in these. 

Fia, 4 (X 626).—Portion of the wall of a fair-sized lacteal of the squirrel. Whole prepara¬ 
tion; formol; Weigert*8 iron hesmatoxylin. Diameter of vessel circa 110p. 

Endothelial nuclei (E^ and E”) can be seen; so can dark nuclei (X). which, on 
ioonssiag, are seen to form the pavement epithelium of the mesentery. Muscle nuclei 
or fibres cannot be made out in this or in other laoteals bebw and up to this size in 
tAiesqniml, 
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PXATE 4. 

Fia. 5 (X 1050).““Pftrt of the wall of a whole preparation of the lacteale of the rat. Formol; 
Weigert’s iron hiematoxylin. Abundant smooth muscle nuclei (8.M.N.) are present; 
their orientation is transverse or oblique to the long axis of the vessel; some of them 
show typical spiral nuclear incisions. The outlines of some of the muscle fibres can 
bo faintly seen at M.F. 

Fig. 6 ( X 525).—Transverse sections of part of the wall of one large and two small laoteals 
of the cat. Formol; Weigert’s iron biematoxylin—van Gicson. The endothelial 
lining (E*) and the thin wall of delicate collagen fibres (C.F.) are shown in the larger 
vessel. Nuclei are scattered amongst the collagen fibres; the former are connective 
tissue rather than muscle nuclei. 

The two small laoteals show only endothelium (E* and E*), and a very delicate invest¬ 
ment of collagen fibrils (C.F.). 

Fig. 7 (X 1050),“--81ightly oblique section of the wall of a lacteal in the cat, Formol ; 
Weigerfc'fl eia.'stin stain—lithium carmine. 

I'he presence of elastic fibres (E.F.) as well as collagen ones ((".F.) is shown. So also 
are the c^apillary blood-vessels (CAP)* often noteti in close proximity of laoteals. 

The arrangement of the elastic and collagen fibres, when studied in longitudinal 
sections or in whole preparations of the laoteals, is mainly parallel to the long axis 
of the vessel. Hut cross anastomoses are very frequent in the elastic meahwork. 
Fig. 8 (x 2100).--Illustrates the differences between the nuclei of smooth muscle fibres 
and those of the connective tissue in the \vall of a vein in a section of the oat’s mesentery. 
Formol; Weigort’s iron hsematoxylin—van Giesou. 

The vein l>eing contracted, the characteristic spiral nuclear incisions of the smooth 
muscle nuclei are clearly shown. Three oonnective-tiasuo nuclei above, three smooth 
muscle nuclei beneath. 

Fig. 9 (x 625).—Transverae sections of a medium-shsed vein in the cat’s mesentery, 
Formol; Weigert's iron hacmatoxylin—van Gieson. 

Obvious smooth muscle nuclei (S.M.N.) and fibres C/an be seen in the tunica media. 
The collagen fibres (C. K.) of the tunica a<lventitia are for stouter than in the laoteals. 

Plate 5. 

Fio. 10 (x 81).—-Lacteal of guinea-pig, 200/i in diameter. Nerve fibres longitudinal 
to the main axis of fchc vessel. The very refringent perilymphatic fat is well shown. 
Fio. 11 ( X' 81).—Lacteal of squirrel, 220 in diameter. The nerve fibres here are mainly 
transverse. At x is a nerve cell. 

Fia. 12 (X 354).—The same preparation at a higher magnification. Illustrating the 
fine anastomoses between the fibres. At x is the nucleus of a smooth muscle fibre, 

AU the above microphotographs were taken by Jkir. F, Haynes with a Leitz ** Micca 
camera. They were subsequently enlarged by Mr. Wm. ChesterAan. The present approxi¬ 
mate magnifications are given for eot^h figure. The microphotograt^ii are untouched; 
they all represent nerves in the ]aotf^al wall stained by vital intra-peritoneal injections of 
methylene blue and fixed by the ammonium piorate method. 
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Measurement of the Biologically Active Ultra- Violet Rays of 

Sunlight. 

By Leonard Hill, F.R.S. 

(Received February 2, 1927,—Revised June 8, 1927,) 

(From the National Institute for Medical Research.) 

[Plat* 6.] 


Quam tubt 


Methods of Measurement. 

The ultra-violet radiation was measured by the acetone methylene-blue 
method described by Webster, Hill and Eidinow.* Readings were taken at 
the Meteorological Office, Kingsway, The Royal Observatory, Greenwich, the 
States Meteorological Station, Guernsey, the National Institute for Medical 
Research, Hampstead, and by voluntary observers elsewhere, viz., by Dr. 
Adams, Liverpool Sanatorium, Frodsham, Cheshire; Dr, Paul Tozer, Peppard 
Common Sanatorium, Oxon; Dr. Segaller, St. Ives, Cornwall; A. R, Tankard, 
Esq., Hull; Dr. Wyatt, Wingrave, Lyme Regis; H. J. Sargent, Esq., Bexhill j 
C. L. Rivers, Esq., Harrogate; Dr. Domo, Davos, 

Switzerland; J. Fyfe, Esq., Stirling; S. M. Bower, 

Esq., Huddersfield; R. Robertson, Esq., Lowes¬ 
toft ; F. R. Gray, Esq., Ventnor; R. L. Massey, 

Esq., Khartoum; Dr. P. W, Moore, Assouan; 

Dr. Rosenheim (some records in Egypt). 

The standard acetone methylene-blue is made up 
from a 0*1 pet cent, solution of Paulene Fr^res 
juethylene*blue; 5*6 o.om. of this is added to 
30 o.cm. of pure distilled acetone, and made up 
to 100 o.om. with water; this gives a standard 
labelled 10. The standard solution is kept in 
brown glass bottles. A standard silica tube, as 
shown in fig. 1, 3 mm. in diameter, is filled with 
this solution and exposed to the sunlight. At the 
end of the exposure the colour is compared with 
the oolour of eight standard tubes (fixed and 
anbleaihable). These standard tubes are marked 3, 4, 5, 6, 7, 8, 9 and 10, 

• iMttCet, vd. 200, p. 746 (April, 1924). 

VOL.On.--B. K 



Fio. 1.—Standard Silica Tube 
and Mounting. 
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and are placed in a suitable frame for comparison** The standard solution 
used for bleaching in the silica tube is matched against these standard tubes, not 
only after the period of exposure, but also before exposure, since the standard 
solution (10) may very gradually fade, while also the refractive power of the 
silica tubes may vary. 

The difference between the readings, before and after exposure, gives a 
measurement of the shorter wave-lengths of the ultra-violet sunlight for the 
time and place of exposure. 

A solution of acetone in water is decomposed by ultra-violet light, with the 
formation of acetic and formic acids, and other substances. The extent of this 
decomposition can be measured by means of the reduction of methylene-blue, 
which acts as a hydrogen acceptor in this reaction. Exposed to a constant 
source of ultra-violet rays, the bleaching of the methylene-blue is proportional 
to the time of exposure. The acetone-blue solution in a 3 mm. layer transmits 
X 3342, partly absorbs X 3132 of the spectrum of the mercury-vapour lamp, and 
wholly absorbs rays shorter than X 3132 (fig. 2, Plate 6), 

The degrees of the colour scale are equal and were biologically standardised, 
using a mercury-vapour lamp, against both the killing of infusoria in a quartz 
cell and the erythema dosage of the white skin. In the case of the mercury 
vapour lamp one unit of fading on the scale is equal to twice the infusoria-killing 
dose, and to 2-4 times the erythema dose, the sensitivity of skin varying in 
individuals. The skin of the inner surface of the upper arm was used for the 
erythema dose. How far this quantitative scale can be applied to sunlight is 
considered later. 

Dr. A. B. Hill has tested for us, among 63 people, the accuracy in matching 
the acetone-blue of different tints against the fixed scale, and found it of quite 
liigh order, 80 per cent, of the readings lying within a quarter of a unit of the 
mean. The temperature coefficient was determined between 1*6 and 36® C., 
and found to be 1-15 to 1*2 for 10® C. A difference of 10® C. above or below 
20® will make a difference of about half a degree of the scale. Such a 
correction may be required in the tropics or cold climates. 

Fig. 1 shows the correct method of mounting the tube. At Hampstead the 
tube is thus mounted on the end of a long bamboo, hinged at its bottom, and 
supported by movable guys. This allows the tube to be brought down for 
changing the solution, and supports it clear of all roofe and obstructions. 

Ultra-violet rays reach us diffusely from the blue sky and bright clouds 
well as direct from the sun. Dome has shown that the ultra-violet radiation 

♦ The apparatus is made by Siebe, Gorman, Ltd., 187 , Westminster Bridge Boad, S*E.U 
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from the clear sky at Davos is greater than that from the low sun. Taking the 
diffuse ultra-violet from the sky as 100, that from the direct sun was found by 
Dome to be :— 

Height of Sun. ?7.-F. Radiation. 

10 ^ . 1*7 

20® . 12-3 

40® . 47-6 

60® . 86 a 


The silica tube containing the standard acetone-blue solution must then be 
exposed to the sky right down to the horizon line. Fig. 3 shows the difference 
between the readings taken on the roof and in the grounds at Hampstead. 



28 ZD 30 4 i t io iz 13 17 24 25 

May June 1924 


B'ig. 3.—Effect of Skyshine. 

At one station the reading appeared to be 30- 40 per cent, too low. The 
full exjxjsure of the tube to the sky was found to be obstructel by trees. It was 



May June July i9M 

Fio. 4.-*-Eifect of Skyshine. Comparative Headings with moving Horizontal Quartz Tube.. 

K 2 








122 


L. Hill. 


agreed that the tube should be exposed in future on the top of a tall mast* The 
readings continued to be too low. The tube was then found to be screened 
from the northern half of the sky by an obstruction on the top of the mast* 
On raising the tube above the obstruction the true readings were obtained. 

Pig, 4 shows records taken by the acetone-blue method with two silica tubes 
at Hampstead. The tubes were suitably affixed for me by Mr. T, C. Angus 
to a clock, so as to be carried round in the horizontal position and kept normal 
to the sun. A small strip of brass attached sufficed just to shade one tube 
from the direct sun. Thus, one tube was exposed to the skyshine and sun, 
while the other was shaded from the direct sun, and exposed to the skyshine 
only. The graph shows that the ultra-violet rays come mostly from the 
skyshine. 

Ultra-Violet Buys of Sunlight which fade Acetone-Bine. 

While the spectrum of the sun may extend to X 2900, X 3000 is the practical 
limit. Using a Hilger quartz spectroscope and a bromine screen, we have 
found the spectrum of the sun scarcely reached X3000 at Hampstead. A 
saturated solution of uric acid (1 in 40,000) in a stratum 6 cm. thick absorbs 
all rays of shorter wave-length than X 3200,* cutting out from the spectrum 
of the mercury-vapour lamp the intense band X 3182 (fig. 2). Exposing under 
such a stratum a sealed silica tube, full of the standard solution of acetone- 
blue, to a mercury-vapour lamp, a similar tube being under distilled water, the 
fading of the latter was 6, while that of the former was insignificant. On another 
occasion the fading was 9 under water, 1 under uric acid solution. 

On the other hand, exposing similarly the tubes to sunlight, the fading on 
several days in May at Hampstead on the top of the hill was :— 


Under uric-acid solution. 

Under distilled water. 

SO 

3*6 

35 

4*6 

4-6 

6*6 

4-0 

6*0 

6*0 

6*0 

Average.,.. 4*0 

Average.... 6*1 


While the active rays for fading acetone-blue of the mercury vapour lamp 
are then X 3142 and of shorter wave-length than this, those of the sun in England 
are chiefly of longer wave-length than X 3142. (In one observation carried out 
* According to Dh6t4 this soliition absortw ail rays shorter than X 90d0. 
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fo!r ufi at ABBouau by Dr, P. W. Moore, the fading was twice as great under water 
as under uric acid, an indication of the greater intensity of the shorter wave¬ 
lengths of the ultra-violet rays of the sun there.) 

Under 3 per cent, quinine sulphate solution, which absorbs rays of the mercury 
vapour lamp shorter than X 4200 (fig. 2), the fading of the acetone-blue in 
sunlight during a certain period was found to be insignificant, while under 
distilled water it was 4^. The rays of the sun in England, active in fading 
acetone-blue, are certainly then of shorter wave-length than X 4200. As the 
acetone-blue solution partly absorbs X 3132 and some of the other rays of 
shorter wave-length than X 3342 (fig. 2), it must be rays between X 3342 and 
X 3000 which produce the fading in sunlight. 

The Erythema-Producing Rays of Sunlight, 

Sunlight focussed on the skin through the solution of quinine sulphate does 
not produce erythema if the skin is kept cool by running water. The erythema- 
producing rays are then in the ultra-violet region. Further, to determine 
these rays the effect of Chance’s Vitaglass as a screen was compared with that^of 
silica and of green window glass (fig. 6, Plate 6). Vitaglass and green window 
glass were found by Bourdillon to have the following percentage transparency:— 

C' 

. Wave-length in Angstrom units. 

Thiok- 


1 

14688 




‘—j 







in mm. 

1 

A 4046 

3665 

3342 

3131 

3022 

2967 

2893 

2804 

2660 

Oreen window 
gUas. 

2-8 

87-0 

766 

26*0 

012 

— 

•01 

— 


— 

VitaglaMt (1926 
•ample). 

1*8 

91-0 

60*1 

86*6 

66*6 

48-1 

34*6 

18*6 

6*3 

0*4 


t The transmission of recent samples has been improved. 


Exposed for two hours to the mid-day summer sun, the skin of the abdomen 
reacted with a slight erythema under green window glass, distinct under Vita¬ 
glass, well marked under silica or no screen (iig. 6, Plate 6). 

As silica lets through about 90 per cent, all along the U.V. spectrum, while 
Vitaglass let through about 76 per cent, of the rays between X 3300 to X 3000. 
and green window glass let through 25 per cent, of those rays at X 3342 and 
littl6 below X 3200,* and as in the sun a slight production of erythema occurs 

* Coblentz and Fulton,' Bur. Stds. Soi. Paper, No. 490,’ fig. 4 (1924). 
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under green window glass, a greater one under Vitaglass, and still greater under 
silica, we may conclude that the erythema-producing rays of the sun mainly 
lie between X 3300 -3000. Chance’s ultra-violet glass transmits rays par¬ 
ticularly about X 3600, and no erythema results under this. 

Exposed to the summer sun the average fading of acetone-blue on a number 
of days was under silica, under Vitaglass, 4 under green window glass. 
There is then a correspondence between the acetone-blue fading and the 
er3rthema-producing power of the sun’s rays, and, in fact, exposure to the 
summer sun about nodn, sufficient to fade the acetone-blue one on the scale, 
produces well-marked erythema. 

While as a quantitative method the fading of acetone-blue in sunlight nan 
be claimed to give only approximate values, it enables one to compare in 
a qualitative way the value of the sunlight in various places. 

In the case of pure acetone, Henri* has shown that the maximal absorption is 



at X 2706 (%. 7). Hausser and Vahle,t using the bands of the spectrum of the 
mercury-va]^ur lamp and equal intensities as determined by the thcrmopyle, 

• ‘ Compt. Rend.,’ voL 156, p. 230 (1616). 
t ‘ Strahlontherapie,* vol. 13, p. 69 (1922). 
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have found the maximal erjrthema production to be at X 2967. At X 3131 
the erythema production was only 4*6 per cent, of that at X 2967. While the 
erythema-producing action of rays about X 3131 are then relatively weak, the 
intensity of the sun |in this region is sufficient to be effective. So, too, in 
the case of the fading of acetone-blue. The rays of the aim which activate 
ergasterol, and by so forming vitamin D prevent rickets, lie between X 3200 
and X 2900. 

In the case of biological reactions produced by ultra-violet rays there is a 
minimal value below which no biological reaction results, (a) for time, (5) for 
intensity of the source. While interrupted excitations, each below the threshold 
value, may be summated and provoke a reaction, with sufficient intervals such 
interrupted excitations become ineifeotuaL Weak ultra-violet radiation which 
produces a fading effect on acetone-blue in the course of 24 hours may therrfore 
have no erythema-producing effect. It is known, however, that a curative 
effect can be produced in the absence of erythema. 

Records of the Biologically Active Ultra-Violet Rays, 

Tables I, II and III show the average monthly readings taken with the 
acetone-blue gauge for 1925 and 1926 and first five months of 1927 in the places 
of observation. The highest British ultra-violet reading obtained so far has 
been 23, at Peppard, on July 10,1924. At Hampstead the reading on this day 
was 18. Fig. 8 shows the monthly daily averages for Hampstead, Peppard 







126 


L Hill 


(Oxon), Kingsway and Prodaham (Cheshire)* The readings are highest in the 
summer and lowest in the winter months* 

Places remote from towns, such as Peppard Common and the top of Hamp¬ 
stead, which is singularly free from smoke during the greater part of the year 
owing to its height and position to the North-west of London, receive consider¬ 
ably more ultra-violet light than those more exposed to the i^moke clouds of 
industrial areas, e.g., Kingsway and Hull. Ultra-violet intensity is clearly more 
dependent upon artificial air pollution than upon natural causes, due to geo¬ 
graphical position, in England. The readings in Davos and still more in Assouan 
gain greatly from geographical position. At Assouan the readings in the winter 
months are very high. The readings at Davos or Assouan on clear days may 
not be higher than those in summer in clean country or seaside places in South 
England, but the monthly average is much higher in the first two places, and 
particularly so in Assouan. On two humid, overcast days at Assouan the 
readings were 3 and 2, against 12 to 18 for clear sunny days. At Ventnor a 
reading of 5 was obtained on the sea front, bathed in sun, and 1 on the cliSs, 
shrouded in mist, on the same day* 

A series of readings was taken on the East Coast in August, with one tube at 
the edge of the clifi exposed to the seashine, and the other inland. As no 
difference in reading was found, it was concluded that the ultra-violet rays 
reflected from the sea, at least on the East Coast, are insignificant. Periodic 
variations of ultra-violet radiation have been recorded by hourly readings at 
Khartoiun during continuous sunshine on some days, with no obvious cause. 

Table I,—Ultra-Violet Light. Daily Average for the Month. 


1925* 


jriaoe. 

Jan. 

Peh. 

Mar. 

Apl. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

Nov, 

Deo. 

Hftmp«tead. 

0-6 

0-8 

1-6 

3*0 

4*8 

6*9 

4*6 

5*0 

4*3 

1*1 

0*6 

0*2 

Peppard (Oxon) .... 

1*6 

0*6 

2>0 

3*0 

3*7 

9*7 

8*0 

6*8 

3*7 

2*6 

0*6 

1*6 

KinMway . 

0-6 

0*6 

0*7 

0*8 

1*7 

3*8 

2*7 

2*0 

1*8 

0*7 

0*4 

0-2 

Fro&ham (Cheshire) 

04 

0*6 

1*8 

2*4 

3*5 

5*0 

3*5 

2*6 

0*8 

1*1 

0*4 

0*6 

Harrogate. 

0*6 

0*8 

1*2 

2*1 

4*1 

5*2 

6*1 

4*6 


— 



Hull . 

0-2 

0*3 

0*9 

1*1 

2*8 

3*4 

3*3 

2*5 

1*5 

0*7 

0*4 

0-2 

St. Ives (Oomwall) 

— ' 

1*3 

2*1 ' 

3*0 

3*4 

10*6 




_ 



Greenwich. 

0^7 

1*0 

1*5 

2*7 

3*5 

4*0 

4*3 

4*2 

3*3 

2*5 

1*6 

ri 

Lyme Kegle 

— 1 

— 

1*6 

8*1 

6*8 

7*7 


6*9 

6*3 

2*9 


0*6 

Quemsey . 


— 

— 

— 

3*7 


__ 



4*2 

1*9 

1*6 

Huddersfield 

— 

— 

j 

— , 


— 

4*5 

3*3 

1*9 

0*7 

0-6 

0*2 

Stirling . 

— 

— 

— 

— 

— 

_ 




1*9 

0*6 

0*5 

BexhiU . 

** ' 

1*2 

2*0 

3*3 

5*2 

4*0 

2*9 

3*7 

2*7 

1*7 

1*2 

0*7 

Daros (Switxerland) 

1 




—* 





6*3 

— 

3*0 

1-9 
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Table II.—^Ultra-Violet Light. Daily Average for the Month. 


1926. 


Place. 

Jan. 

Feb. 

Mar. 

' 

Apl. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

Nov. 

Bee. 

Hampstead. 

0-4 

0*6 

1*8 

2*9 

4*4 

5*3 

6-2 

(11) 

6-8 

(3) 

3*6 

1*3 

0*3 

0*4 

Peppard . 

0-6 

1*0 

2*8 

3*3 

3*2 

6*6 

6*8 

6*0 

3*1 

2*1 

0*8 

0*9 

Kingflway . 

0*8 

0*3 

1*2 

2*0 

1-7 

(28) 

3*2 

3*4 

3*6 

(26) 

2*6 

0*8 

0*6 

0*2 

Frodsham (Cheshire) 

0-8 

0*4 

0*7 

3*0 

3*3 

3*8 

3*3 

3*2 


— 


— 

Hull . 

0‘8 

0*4 

0*4 

1*2 

2*0 

2*6 

3*7 

3*6 

2*2 

1*7 

0*4 

0*3 

Greenwich. 

1‘0 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Lyme Regis 

0*7 

1*1 

2*4 

3*8 

60 

6*9 

7*2 

6*9 

6-2 

2*3 

1*6 

1*6 

Guernsey . 

1*8 

2*2 

2*0 

2*4 

4*1 

6*9 

6*4 

4*8 

3*7 

2*3 

1*4 

0*7 

Huddersfield 

0-2 

0*5 

0-9 

1*2 

2*1 

3*2 

3*8 

3*1 

2*2 

1*3 

0*6 

0*4 

Bexhill . 

0*7 

1*2 

22 

2*7 

3*1 

4*8 

6*9 

6*3 

4*8 

2*0 

1*6 

2*0 

Ventnor . 

— 

_ 

— , 


(12) ; 

— 


6*7 

5*9 

3*4 

2*5 

2*6 

Itoweatoft . 

0*6 

0*4 

1*5 

1*8 

6*0 

4*8 

6*7 

6*6 

6*9 

4*8 

1*2 

1*3 

Stirling . 

0*2 

0*5 

0*9 

1*3 

3*0 

4*2 

6*0 

6*4 

4*1 

2*1 

0*8 

0*3 

Bavos (Switzerland) 

1*7 

2*0 

2*8 

5*1 

6*9 

60 

9*0 

10*4 

8*4 

4*4 

3*5 

2*3 

Agra . 


1*0 

2*0 

2*5 

3*8 

6*0 

9*5 

7*7 

(8) 

6*8 

(16) 

2*6 

1*6 

1*3 

Egypt (Khartoum) 

— 

— 

— 

— 

— 

— 

— 

13*0 

10*6 

— 

— 

11*4 

Assouan . j 



i 


i 








The figures in brackets indicate number of observations in the month. At Lowestoft up to 
August the readings were too low, owing to screening of skyshine by trees. 


Table III.—Ultra-Violet Light. Daily Averages for the Month. 


Place. 

1927. 

Jan. 

Feb. 

March. 

April. 

May. 

June. 

Hampstead . 

0*39 

0*66 

1*34 

2*66 

3*0 

3*22 

Pepp^ . 

0*97 

0*97 

2*10 

3*66 

6*87 

— 


0*21 

0*21 

0*74 

1*50 

3*45 

2*67 


0*18 

0*23 

0*56 

0'86 

1*43 

2*13 

Huddersfield . 

0*48 

0*89 

1*97 

2-83 

2*69 

—, 

Bexhill. 

1*65 

1-89 

2*74 

4*13 

6*27 

3*88 

Lyme Regis . 

1*18 

1*71 

3*62 

4*50 

4*71 

4*72 

Lowestoft . 

1*60 

1*39 

3*16 

2*96 

8*48 

3*66 

Guernsey . 

0*97 

1*82 

2*61 

3*36 

4*96 

6*33 

Ventnor (I.O.W.) . 

2*77 

2*48 

3*29 

8*86 

5*19 

6-42 

Toniuay . 

— 

— 

— 

3*46 

4*05 

4*50 

Dagenham (Essex) . 

— 

— 

— 

2*86 I 

5*43 

4*76 

Davos (Switeediaxid) ... 

3*00 

4*26 

4*66 

7*60 

7*72 

5-92 

Assouan (Egypt) . 

12*90 

12*76 


'■**** 

























Summary. 

Daily values of biologically active ultra-violet radiatioii, taken dunng 192iit 
1926 and part of 1927 at many places, show that there is a great loss of this radia¬ 
tion in smoky cities. The winter readings are much lower than the summer. , 

While Davos in Switzerland receives a greater amount of ultra-violet 
radiation than the most favoured British place, Assouan in Egypt receives a 
greater amount than Davos. 

I am indebted to Mr. C. Pergande for his care in keeping the records. 

On Intracellular Oxidation-Keduction Potential. 

By Loms Rafkine and 'Rssft Wuhmseb. 

(Communicated by Sir Frederick Hopkins, F.R.S.—Received July 12,1927.) 

(From the Laboratory of Biophysioa, College de France, Paris.) 

Introduction. 

Two ty[)es of oxidations are to be distinguished in living cells; oxidations at 
the expense of free oxygen, and oxidations at the expense of oxygen derived 
from complex molecules. The former are what we have named ” independent ” 
in contrast to the latter, which are named “ coupled ” reactions (1). The inde¬ 
pendent oxidations may also be called respiratory in nature; they ate not utilised 
as sources of energy except in the special case of homoiothermic animals whidi 
are below the point of thermic neutrality. The coujJed oxidations are accom¬ 
panied by reductions which constitute the real ^theses occurring in cells. 
Only these oxidations ate able to compensate for the chemical work represented 
by the syntheses, as well as the mechanical work derived there&om. 

The power of cells to carry out syntheses is thus dependmt ml l^e 
of certain substances to be oxidised at the expense of oxygen boRoweddhCia 
omnplex molecules. In other words, if we admit with Wielaiid that 0^^ 
tipns he^ by a mobilisation of hydrogen, the posrib^ty that 
may take place depends upon whether the hydrogen is capable Uf 
an aopeptor other than molecular oxygen. 

To take a concrete example, we must look for the conations wluidh pen 
the hydrogen liberated by a sugar to be fixed by a system 00tis»itb|^ of 
afdd -b ammonia rather than by a system c wmmttjwg nt fmtk 


Hill. 
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: lik W Albntae, wMe% i^ foooml tl^ 

wSl only be a |i»>dueti<m of GO, and H^O. It baa a;^(wt«d to na tittdfc’ tbt^ 
ibaf eidst a relation between the power of organisms to bring aboot these 
oxido*i»dnction8 and the oxidation potentbd of the inixaoelliilajr aobetapoe. 

Before going farther, we wish to insist that, in general, there ia no relation 
between the speed and consequently the eSeetive reidisation of reactions and 
their potentials. However, if conditions of oatalysiB are anrnned to be identical, 
it is not illegitimate to look for such relations. We have learned from Wielaoid 
to consider the ewentud act of an oxidation to consist of a- mobilisation of 
hydrogen. This hydrogen can, at least in the well-studied case of activatimi by 
xanthine oxidase (Dixon (3)) be fixed by any acceptor. It saffioes that this 
snceptor have a structure more or less labile, and that, for exam|de, the eyatem 
ketonio acid + ammonia bo more labile towards the hydrogen than is the 
molecular oxygen. Whence the possibility of an oxido-rednotitm. But there 
exists within the cell a relatively large quantity of acceptors capable of entering 
into reversible combination with hydrogen; and if the cellular substance is in 
some sort of way buffered, in this respect, as it is in respect to hydrogen-ion 
concentration, the system ketonic acid + ammonia will be reduced only if 
its reduction potential ia superior to the potential of the cell protoplasm. 

If we consider the synthesis of alanine, which we have already talron as an 
esEample, we see that the increase of free eneigy that aooompaniee such a 
.qrsUiesis, according to the equation 

2CH,C0 . COOH -f 2NHa — 2CH,CHNH,COOH + 0* (1 atmosphere) 

(fnpposng that Beitbelot’s principle may be applied), is about 60,000 
oaltewies. If this synthesis is compensated by an oxidation of the hydrogen, 
it that the pressure of this hydrogen must be at least 

10"*’ atmospheres in order that the variation of free energy accompanying this 
rnddatioil be 60,000 calories. Now, a hydrogen pressure of 10"* atxnasphmes 


^ The 'li'BriStiion of free energy corresponding to the reaction 

2H, + 0,(1 atmoe.)—►8H,0 (0,019 etmoi.) 
t»oteoalee'ti( hydrogen 




' ^ e^OifilWiCtU oonstaat K, at 18° 0., ie equal to lO****’. If for )>H,0 <» 0,019 
1 atmoott. .one .plote''the ..different vahwe-. of aF M. fauROtiaiDB. of. 

a.;«mve;w)iiah'';ii a.otra^ht- Une,.'on.the..'oedinatee ol rrhkk 
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correspondg to an rH — 20, and this is what Needham and Needham (4) firsts 
and then ourselves (5), have found experimentally in cellular material. 

In order that the determination of such a potential have any significance, it 
is essential that there exist within the cells substances in equilibrium with thia 
hydrogen and that the reactions that ensure such an equilibrium take place 
at a great velocity. This is what seems to happen, as seen from the results of 
micro-injection of Clark’s indicators into cells, since the same results are attained 
whether the indicator be injected in its oxidised form or in its reduced form. 
This is what Clark (6) means when he says that cells are poised. 

It is, however, unnecessary that the donator of hydrogen be in real equilibrium 
with the hydrogen that it liberates. The potential may be but an apparent 
potential, such as that which can be determined in solutions of reducing 
sugars. These sugars continually liberate hydrogen, which is capable of 
charging a platiniun electrode. The potential thus produced makes it possible 
to predict which indicators will be reduced by the sugars and which will not 
be (7). But if we wish such a solution to be buffered or ‘‘ poised,’^ it is necessary 
to add a substance, for example, phenosafranine, whose normal oxidation- 
reduction potential is very near the potential of the solution. A model of the 
cell is thus constructed with regard to oxidation-reduction equilibria. 

In a system such as this the hydrogen liberated by the donator can fix 
itself on to any acceptor only if the latter has a reduction potential superior 
to that of the substances in rapid equilibrium with the hydrogen, that is, if the 
acceptor has a })otontial superior to that of the cell. 

It is clear that in a cellular system having an rH<[20, reductions correspond¬ 
ing to an elevation of free energy greater than 60,000 calories will be able to 
take place. One can thus forsee a relation between rH and the nature of 
chemical reactions that take place within a given cell or cell-phase, that is, 
the nature of the metabolism. 

All that precedes implies that the hydrogen pressure concerned in these 
reactions is capable of being measured by means of a platinum electrode, that 
is, the reactions take place by the intermediary of hydrogen ions and electric 
charges which are in equilibrixim with the gaseous hydrogen (M, Clark), or by 
atomic hydrogen (Dixon (8)). 

Of course, only rigorous experimentation will show the validity of such 
h 3 q)othese 8 . We can, however, adduce in support of the view that there is 
a relation between rH and the nature of the chemical processes in the cell-*— 
the experiments of Knoop (9) on thei one hand, and Quastel and Stephenson (10) 
on the other. 
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Knoop (9) has show that the quantitative formation of amino-aoids at the 
expense of keto-acids -f ammonia is made possible in vitro if the medium is 
ireducing. 

Quastel and Stephenson (10), in their paper on ‘ The Relationship of B, 
Sporogenes to Oxygen/ have shown the importance of the presence of a sub^ 
stance containing the — SH group, or any other reducing substance, such as 
glucose, in a medium suitable for the proliferation of B, sporogenes. The point 
that we want to bring out, namely, the relationship that may exist between rH 
and the nature of the chemical processes in the living cell, will be best illustrated 
by the conclusions which Quastel and Stephenson arrive at and state in the 
iollowing words: Let us assume that before proliferation of B, sporogenes, 
or of any other cell which leads a strictly anaerobic career, can occur, the cell 
must have attained a certain limiting reduction potential. At any potential 
more oxidising than this, the cell fails to proliferate. At, or bedow, this potential, 
proliferation is possible. The potential may be secured by the presence of a 
small quantity of an — SH compound, or it may obtain in the presence of 
glucose or a variety of substances characterised by their reducing behaviour in 
presence of the cell The effect of oxygen in preventing the proliferation of 
strict anaerobes would then be due to its removal of substances responsible for 
the maintenance of the critical reduction potential with the consequent raising 
of the potential above the limiting point.” 

The oxidation-reduction potential seems then to be of great importance, and 
it is necessary to see how it is maintained within the cell. This leads us to 
investigate the conditions under which there is, on the one hand, liberation of 
hydrogen by the donators; and the elimination of this hydrogen, either by 
diffusion or combination, on the other. We thus find ourselves facing the 
problem from the same standpoint as F. 6. Hopkins (11), that is, we are here 
dealing with a problem of the mechanism of catalysis. 

As we have already seen, the intra-cellular potential is an apparent one in the 
sense of Dixon (8), and is determined by the relation that exists between the 
liberation of hydrogen and its disappearance. In this case the disappearance 
consists of a fixation on an acceptor, whether it be free oxygen or some complex 
molecule. The oxidation by means of molecular oxygen can, as a matter of 
fact, be brought about by the intermediary of such a carrier as glutathione, or 
aome other hydrogen-transporter. 

Quantitatively, except during periods of synthesis, the oxidations that take 
place are respiratory and are carried out at the expense of molecular oxygen. 

In fact, it is to be seen that the rate of disappearance of the hydrogen is 
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regulated by the rate of activation of oxygen. The necessity of an activation 
of the oxygen seems to result from the measurements of potential in plant cells. 

M. M. Brooks (12) has shown, and we have ourselves confirmed this observa¬ 
tion by different methods, that the sap of these plant cells is capable of reducing 
such dyes as 1-naphthol, 2-8ulphomc acid, indophenoL Yet within these cells 
there circulates oxygen ; whether this oxygen is free or in a form only unstable 
at the periphery of the cell, one can affirm that this oxygen does not combine 
immediately with the hydrogen furnished by the donators, as does the dye which 
is in equilibrium with the hydrogen. In these plant cells, in the blastocxele 
fluid of the sea-urchin (13), and probably in the blood, the oxygen has to l)e 
activated, and is activated slowly in comparison with the rate of liberation of 
the hydrogen. 

We have asked ourselves, in the course of our work, whether the nucleus was 
not a place in the cell where the rate of the activation of the oxygen was par¬ 
ticularly accelerated ; if this were true, one would expect to find a difference of 
fH, unless the rate of dehydrogenation was accelerated in the same proportion. 

In addition to that, we wanted to see if an introduction into the cell of 
certain substances, which, although not necessarily normally taking part in the 
intracellular oxidation-reduction equilibrium, are very probably hydrogen 
donators, could mcxlify appreciably the rH by lowering it. 

Technical and Experimental Remits. 

The technique employed was in its general aspects the same as that of J. 
and D. Needham, that is, micro-injection of Mansfield Clark’s oxidation- 
reduction indicators.* A detailed description of it may be found in their 
paj)er8 on oxidation-reduction potentials. 

For the sake of convenience each indicator is allotted a number, and it is 
by this number that it will be referredI jo. 

No, 1—'Potassium indigotine disulphonate. 

No, 2—Potassium indigotine trisulphonate. 

No. 3—Potassium indigotine tetrasulphonatc. 

No, 3A““Methylene blue. 

No. 4—1-naphthol, 2- sulphonio acid, 2- 6- dichloro indophenoL 

No. 6—1-naphthol, 2- sulphonic acid indophenoL 

No. 6—O-cresol, 2- 6* dichloroindophenoL 

No. 7—O-cresol indophenoL 

No. 8-2- 6- dibromophenol indophenoL 

No. O-O-ohlorophenol indophenol. 

* We wish to express here our thanks to Dr, and Mrs. Needham, who were kind enough 
to supply us indicators Nos. 1-8, and to Prof. W. M. Clark, who sent ns indicators Nos. 9* 
and 10. 
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Before going on to our experimental results, it is perhaps suitable here to 
discuss some objections brought by M. Dixon against the determination of rH 
in biological systems, and by F. Vl^s and his collaborators with regard to pH 
measurements in living cells. 

Dixon in his interesting paper on ‘ Xanthine Oxidase,’ VII, points out, with 
reason, that the velocity of reduction of dyes used as indicators should be taken 
into consideration. He shows that the dyes containing no sulphonic group are 
reduced quickly and in about the same time. Indicators 4 and 5, which contain 
one sulphonic group, are reduced definitely more slowly, whilst dyes Nos. 1, 2, 
and 3 are reduced very slowly indeed and not in the order that one would 
expect from reduction potential data. In fact, the order is exactly the con¬ 
trary, and would seem to show that the effect is due rather to the number of 
sulphonic groups contained in the molecule, No. 3, which contains four groups, 
being reduced slowest. Moreover, Dixon |>oints out that most of the measure¬ 
ments by micro-injection (where observation is limited to a short period of time) 
show an apparent rH lying just at the junction of the sulphonated and the non- 
sulphonated indicators of Clark’s series. “ A consideration of these facts,” says 
Dixon, “ suggests that the apparent results obtained may depend not m much 
upon the rH of the cell as upon whether the indicator used is sulphonated or 
non-sulphonated. ” 

This we can best answer by giving a concrete example. Indicator No. 5 
(sulphonated) remains, it is true, oxidised in most of the animal cells previously 
examined, whilst Nos. 6 to 9 (non-sulphonated) are reduced. In the plant cell 
(Valonia, Spirogyra), however, we have a case where the internal rH is low<^ 
than in the animal cell. In these cells No. 5, when introduced, is inmwdiately 
reduced, that is, with the same velocity as dyes Nos. 6 to 9. In another para¬ 
graph Dixon states, “ Now a dye which is only slowly reduced in a cell will bt^ 
reoxidised as fast as it is reduced, by oxygen if this is present, or possibly by 
other hydrogen acceptors in the cell.” Now it is practically an established fact 
that oxygen circulates in the plant cell, yet it has no effect whatsoever on the 
maintenance of No. 6 in its oxidised form, in spite of the fact that this dye is 
sulphonated and is more slowly reduced than dyes Nos. 6 to 9 in Dixon’s experi¬ 
ments on xanthine oxidase. We will add that when No. 6 is introduced in its 
reduced form, it stays reduced. 

Vl^fi(14) and his collaborators^ chief objection is the concentration of the 
dyes used in pH measurements. According to Vlfes, the reason why J. and D. 
Needham and ourselves obtain higher figures than he does for the internal 
pH is because we use the indicators in greater concentration. Against this 
objectioii we can point to the following experiments 
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(1) We inject into the cell a 1 per cent, solution of phenol-red in its acid 
form. The colour-change from yellow to orange indicates a pH value of about 
7*2. Simultaneously, we measure electrometrically, in a quinhydrone elec¬ 
trode, the pH of the indicator solution ; it shows an acid reaction. We add 
HaOH, little by little, making it more alkaline, and always measuring eleotro- 
metrioally. At the same time micro-injections are carried out; the colour 
change is always the same. Unfortunately, the electrometric measurements in 
a quinhydrone electrode cannot be depended upon beyond pH 7, but as there 
is a very slight difference of tint between the dye in the pipette and the dye in 
the cell (it being slightly more acid in the pipette), we conclude that the pH 
value of the cell is about 7*2. The same experimentis performed with brom- 
cresol purple. We believe to have thus an electrometric control for our colori¬ 
metric measurements. 

(2) Besides using micro test-tubes for comparison, we have also adopted the 
following technique:— 

We place, beside the cell to be injected, drops of buffer solutions ranging 
from pH 6*8 to pH 8, electrometrically measured, and approximately 
of the same diameter as the cell. We inject phenol-red into the cell, 
and into these droplets of buffer solution. The tint in the cell is identical 
with the tint in the droplet of buffer solution of pH 7*2. The same 
experiments are performed with cresol-red and brom-cresol purple. 

We believe that by the above methods of control we have eliminated V14s^ 
objections. We are, of course, aware of the fact that there are other 
factors, such as protein error, etc., to be considered: for these, however, 
we have not, as yet, any experimental control. 

(3) One other thing is worthy of notice. P. Reiss (16) has drawn attention 
to the fact that certain pH indicators are decolorised in systems of given reduc¬ 
tion potentials. We have confirmed his results, and measured the potential at 
which such dyes as phenol red and brom-cresol purple are decolorised. As 
concerns phenol red, not only is it decolorised at too low a potential 
(Eq == — 0*516 at pH 7*2) to affect pH measurements, but in our case it 
was not reduced, and remained orange even when injected orange. 

From Reiss’s measurements of potentials of brom-cresol purple it is reduced 
at rH == 18, at pH 6*4, which would, of course, render this dye inadequate for 
use as a pH indicator. However, we have found that it, also, is reduced at 
pH 7 *2 at a much lower potential (E = — 0*426), too low to have any effect 
on our pH determinations in the plant cells. 
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We will now paas on to the experimental results, which we will classify in the 
following table 


Animal cella (cytoplasm and nuoleiia)* 


injected. 

pH indicators. 

rH indicators. 

pH. 

rH. 

Celia of aalivary gland of 
Chironomus larvn 

j 

Cresol-red yellow 
Phenol-red orange 
; Brom-oresol purp& 
purple 

No, 6 oxid. 

No. 8 reduced 

No, 1 ^ oxid. 

No, 2 oxid. 

No. Sa oxid. 

No. 10 -► reduced 

7*2 ±0*2 


Oocyte of aea*urohin 
(raraeeniroiutt lividus 
Lk.) 

Same dyes and same 
colour changes 

Same dyes and same 
colour changes 

7*2±0-2 

19-20 

Oocyte of star-fish (Aster- 
ia« rubens) 

8ame dyes and same 
colour changes 

iSame dyes and same 
colour changes 

7-2±0‘2 

10-20 

Cells of salivary gland of 
larva of OaUipl^a ery^ 
ihrocephala 

Bame dyes and same 
colour changes 

8ame dyes and same 
colour changes 

7*2 

19-20 


Bpirogyra 


Plant cell. 


.. Cresol-red -> yellow 

No. 3a oxid. 

6±0-2 

Phenol-red yellow 

No. 3a oxid. 


Methyl-rod yellow 

oxid. 


Brom-cresol purple -► 

No. n 


greenish yellow 

No, 2 oxid. 

No. 3 j 



No! 8/-" 



14-16 


In order to see whether certain substances could, when injected, appreciably 
modify the intracellular rH, we have injected into the cells of the salivary gland 
of the Chironomus larva the following substances 


(а) Glucose, in concentrations varying from 

(б) Sodium succinate. 

(c) Sodium pyruvate. 

(d) Fructose. 


1-6 per cent. 


1-10 

1-10 

1-10 


j) 

>y 

n 


The rH remains constant at 19-20. 


ConckmoH. 

(1) Our determination of the reduction potential of the plant cell confirms 
the results obtained by M. M, Brooks on another material and Ify another method, 
voi. L 
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and seeing that oxygen is present,* we can conclude therefrcmi that the oxygen 
must be activated in order to enter into equilibririm with the hydrogen, as we 
have pointed out above. We therefore believe that at least in this case, 
and probably in the blood, the oxidation at the es^nse of molecular oxygen 
needs not only a mobilisation of hydrogen in the sense of Wieland, but also an 
activation of oxygen in the sense of Warburg (16). This is in conformity with 
the views of F. G. Hopkins (11), in that a mobilisation of hydrogen is not always 
the sole factor, but that an activation of molecular oxygen may accompany it 
in order to secute an oxidation. 

(2) The comparative determinations by micro-injection of pH and fH in the 
nucleus and cytoplasm of various cells have revealed no differences. We 
therefore believe that either the rate of activation of oxygen is not specially 
accelerated in the nucleus or that the mobilisation of hydrogen is accelerated to 
the same extent. In the latter case the fact that the rH remains the same 
does not exclude the possibility that the quantity of substances oxidised may be 
greater within the nucleus than in the cytoplasm, a view held by many authors 
(Lillie Unna, Warburg, etc.). In fact, it is quite possible that if hydrogen is 
activated on some active surfaces, these surfaces are more quickly liberated 
when a large quantity of active oxygm is present. 

(3) The micro-injection of glucose, fructose, sodium pyruvate and sodium 
succinate produces no immediate modification of the intracellular rH. This 
would seem to show that in the cell the rate of dehydrogenation is, within 
wide limits, independent of the concentration of hydrogen donators, 
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Botcterial Proteins.—The Presence of AlcohoUSoluhle Proteins 

in Bacteria. 

By Sir Kenneth Goadby, K.B.E., M.R.C.S., L.R.C.P., D.P.H., 

Cantab. 

(Communicated by Sir Frederick Hopkins, P.R.S.—^Received July 12, 1927.) 

In the course of an investigation of the Gram-staining material in Strepto- 
oocoi and Staphylococci, substances giving the general reactions of the alcohol- 
soluble proteins or gliadins have been isolated. Alcohol-soluble jproteins, or 
prolamine (Osborne (1)), are especially characteristic of the seeds of cereals; 
among them gliadin of wheat and rye, hordein of barley, and zeiu of maize are 
typical examples. The present communication deals with the alcohol-soluble 
fraction of bacterial protein; the other soluble protein substances will form 
the subject of a later communication. The work was commenced in 1917 as 
part of the author’s study of war wounds, but had to be abandoned, and 
was not recommenced until the winter of 1923. 

Most investigations on bacterial proteim have been conducted by extracting 
the bacterial cells with alkaline solutions, with or without heating; such a pro- 
oedtire is likely to modify certain of the proteins, and, as will be seen later, 
would entirely remove the alcohol-soluble fraction. Bacteria are especially 
resistant to the solvent action of the majority of biochemical advents 
used for the extraction of proteins. The Gram-positive organisms, with 
the exception of Pneumococci, which are soluble in bile (Heidelberger 
and Avery (2) used this method in examining the protein of Pneumo- 
ooooi) are especially refractory. Douglas and Fleming (8) extracted Staphylo- 
«ocoi with hot acetone and removed the Gram-reacting substance; Dreyer (4) 

I. 2 
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uBcd acetone and boiling formalin. All these processes are likely to alter the 
residual proteins. Liquid cultures are also unsatisfactory, are bulky to 
manipulate, and introduce disturbing factors. 

A general consideration of the problem suggests that (1) bacterial protein 
is possibly more resistant to the action of acids than alkalies (many bacteria 
produce acid and can survive considerable concentration of acid); (2) that the 
molecule of the Gram-reacting substance is likely to contain polar groups, and 
that the substitution of these the benzoylation of the hydroxy group) 
might alter the solubility and other properties of the substance. 

It was determined to attempt benzoylation in an acid medium, and after 
many unsuccessful trials a mixture of benzoyl chloride in ether was found to 
remove the Gram-reacting material from all Gram-positive organisms tested, 
the reaction proceeding slowly at the laboratory temperature, more quickly 
at 37® C. After removal of the Gram-reacting material the bacteria are about 
one-third smaller in size, and are easily soluble in 0-2 per cent, of KOH and 
other dilute alkalies, and partially in normal saline solution, the filtered solu¬ 
tions giving many of the usual protein reactions. Gram-negative bacilli (B, 
typhoid, B, coli, B, puracoloide.s and M, catarrhalis) are also rendered soluble in 
dilute alkalies and partially in normal saline solution by the action of benzoyl 
chloride in ether. 

The general outline of the method used is as follows:—Mass cultures of the 
various organisms are grown upon agar plates 10 inches by 10 inches, removed 
from the agar surface, avoiding culture medium, suspended in normal saline, 
and extracted with benzoyl chloride ether mixture for one to three days. After 
removal of the benzoic acid formed during the extraction, the bacterial mass, 
washed witli acetone and dried, is ground up and dried. The powder is then 
extracted with normal saline at 37® C. for 24 hours, filtered, washed with am¬ 
monia-free water (saline fraction), suspended in 70 per cent, alcohol for 24 hours 
at 37® C., and filtered (alcohol fraction). The residue (residual protein), which 
varies in amount for different organisms, is freely soluble in dilute alkali 
(O'2 KOH), and gives the usual protein reactions. 

The various yields of crude bacterial protein obtained after extraction with 
benzoyl chloride ether, washing in acetone, and drying, are shown from the 
following examples:— 


.. 48 10-inch plates dried powder .. 

*' »» * • 
• • >1 


Staphylococcfis aiirem 
BadUus coU communu 
BaoiUus typhosus ., 


>1 


2-6324 

2- 0900 

3- 2422 



Bacterial Proteins. 


139 


Saline Fraction .—The filtered clear solution gives the biuret» Millon, xantho¬ 
proteic, and gijroxylic reactions, and is precipitated by phosphotungstic acid. 
The sulphur reaction is strongly positive. The solution may give a slight 
Molisch reaction, but this depends upon the amount of washing; the greater 
quantity of the Molisch-reacting substance is removed in the preliminary 
extraction. Only a small amount of precipitate is given with half saturation with 
ammonium sulphate : full saturation produces a larger precipitate of albumose ; 
the filtrate still retains a small amount of biuret-reacting substance of peptone¬ 
like reactions. The total amount of the saline fraction is comparatively small 
in relation to the alcohol- and alkali-soluble fractions. 

Alcohol Fraction .—On evaporating the opalescent alcohol filtrate, the material 
obtained is a clear, yellowish, brittle mass, resembling clear glue, which grinds 
up to a grey powder. It is insoluble in dilute acids, absolute alcohol, saline, 
and distilled water, but is freely soluble in 70 to 80 per cent, alcohol, and very 
soluble in dilute alkalies. It gives no Molisch reaction when purified. The 
Molisch-reacting substance is removed in the earlier steps of the process, and 
evidently belongs to the specific soluble substances described by Heidelberger 
and Avery (6), Zinsser and Parker (6), Laidlaw and Dudley (7), and will be 
dealt with in a later communication. The alcohol-soluble substance gives 
Millon's, xanthoproteic and glyoxylic reactions; it is precipitated by tri¬ 
chloracetic acid, phosphotungstic acid, mercuric iodide, picric acid, tannic 
acid, and salts of the heavy metals; least by lead acetate. Boiled with strong 
alkali in the presence of lead acetate, a trace of coloration is produced, which 
varies with different preparations. On igniting and dissolving the melt, only 
a weak phosphorous reaction is obtained. 

The alcohol-soluble protein was further examined for the possibility of partial 
benaoylation during the preliminary treatment. 

Preparation 217 B. ty'phosus .0*116 grm. 

216 B.coli .0-261 „ 

„ 219/$. 0-136 „ 

were hydrolised separately with 20 per cent. HCl, 20 to 30 o.c., in a Durex flask, 
with a reflux ail-glass hai^g condenser. 

In 24 hours the hydrolysate was bhiret-free; when cold it was transferred to 
a separatory funnel and extracted with ether for 24 hours with occasional 
shaking. Tbe ether was removed, evaporated over a water-bath and electric 
hot-plate; a very small amount of brownish residue remained. The residue 
was extracted with boilix^ distilled water and Altered while hot. On subse- 
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quent cooling, the fluid remained quite clear. The aloohol-soluhle protein does 
not appear to be benzoylated. 

The amount of substance extracted from the original bacterial powder is 
proportionately large. At present no exact criteria of the content of individual 
bacteria can be given, but the following give an approximation of the alcohol- 
soluble and other fraction in the dried organisms. 

1. Prep. 216. S, aureus. 

♦Weight of extracted, acetone-washed, and dried bacterial 

powder .. .. ., .. .. ., .. 0 • 8820 grms. 

Weight of alcohol-soluble fraction estimated by evapora¬ 
tion of 100 c.c, of alcoholic solution over water-bath 
and drying over H^SOi .0 • 1250 „ 

2. Prep. 217. B. typhosus. 

Weight of extracted, acetone-washed and dried bacterial 

powder .. .. .. .. 3‘4222 „ 

Alcohol-soluble fraction, evaporation .. .. .. 0^2427 „ 

Alcohol-soluble fraction, estimated from nitrogen con¬ 
tent . 0-2802 „ 

Alkali-soluble protein after alcohol extraction, dried at 

37^ 1*2924 „ 

3. Prep. 218. B. coU. 

Weight of extracted, acetone-washed and dried bacterial 

powder. . 2*0900 „ 

Weight of alcohol-soluble fraction.0 • 7603 „ 

Weight of alkali-soluble fraction. 0*4840 „ 

4. Prep. 219. 8. aureus. 

Weight of extracted, acetone-washed and dried bacterial 

powder. 2*6324 „ 

Weight of alcohol-soluble fraction by drying . * .. 0*2079 „ 

Weight of alcohol-soluble fraction by ziitrogeu estima¬ 
tion .0*2910 „ 

Weight of alkali-soluble fraction. 0*7834 „ 

* These quantities refer to the crude bacterial powder, alter the preliminary beUsoy- 
latkm and removal of benxoie acid, and before saline extraction. 
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The nitrogen was estimated in three samples:— 

(i) B. coli. Prep. 136. 

Dried aloohol-Boluble protein .0’1476gnn. 

= 11-80 N/10 HJSO* = 11-2 per cent. N. 

(ii) B. typhoid. Prep. 193. 

Dried alcohol-soluble protein .0-210 „ 

= 1-7 c.c. N/10 HzSO* = 10 • 9 per cent. N. 

(iii) S. aureus. Prep. 222. 

Dried alcohol-soluble protein . 0-1366 „ 

= 11-2 N/10 HjS 04 = 11-6 per cent. N. 

Nitrogen Distribution (Hausmann Numbers). 

A preliminary estimation was made of preparation B. colt 136. 0-2030 grm. 
of dried alcohol-soluble protein was digested in a flask with reflex condenser 
with 50 c.c. 20 per cent. HOI, and the process followed according to Plimmer’s (8) 
description. 

The final results, which are tentative, were as follows:— 

Amide N. . = 3-70 

Diammo N.= 2-70 

Mono-Ammo N. by difference .= 4-8 

Total N. .= 11-1 

The amide nitrogen was determined by Thimann’s (9) method in preparation 
222. S. aureus, 0-2736 grm. dried alcohol-soluble protein, was hydrolised with 
20 per cent. HjSO*, the hydrolysate diluted to 200 c.c. 

Total N was determined in 20 o.c. portions. 

Average 2*5 c.c. N/10 H^SO^ = 11-6 per cent. N. 

Amide N determined in two 20 c.c. portions. 

Average 2 - 2 c.o. ff/60 HjSOi = 2-27 per cent. N. 

One examination for glutaminic acid was made on preparation 216, S. aureus. 

Dried alcohol-soluble protein, 0-100 grm., was hydrolised with strong HCl, 
concentrated tn vacuo and saturated with dry HCl gas, cooled to 0° C. for 24 
hours. A crop of white crystals separated, which miorosoopioalfy resembled 
glutamic acid; the yield was small and only 2 mgs. were obtained. 

The general teats, solubility in alcohol of 70 to 80 per cent., and the preliminary 
nitrogen estimations, ore evidence of a protein of prolamin type. This substance 
iqipears in all the varieties of bacteria examined----iS(aph9kieooous aumis, 
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StrefUmccuH fmcaUs, Stre^ptococmi^s pyogenes, a diphtheroid bacilliis of the type 
of B. Hoffmann, B, coLi communis, B, paracoUndes, and B. typhosus. The amounts 
present in various types of bacteria appear to vary, and it is not yet possible to 
say if the alcohobsoluble proteins extracted from different species have different 
oharaoteristios, but there is some evidence that such is the case. The alcohol- 
soluble protein is freely soluble in dilute alkali: thus dilute alkaline saline 
removes practically all the alcohol-soluble substance if alkaline saline is used 
instead of nonnal saline extraction before extracting with 70 per cent, alcohol; 
it is not soluble in dilute hydrochloric acid. 

The final residue after removal of the alcohol-soluble protein is freely soluble 
in dilute alkali (0*2 per cent. KOH) and is precipitated with 10 per cent, acetic 
acid, added cautiously to maximum precipitation, as a bulky white precipitate. 
This substance gives all the usual protein reactions, including the glyoxylic, but 
the sulphur reaction (boiling with caustic alkali and lead acetate) is weak 
This substance, which may be provisionally termed “ residual protein,” has 
been generally assumed to be a nucleo-protein (Heidelberger and Avery (6), 
Zinsser (10), etc.); however, repeated attempts to obtain purin bodies have 
given a uniformly negative result. The substance will form the subject of a 
further communication. 

Injection of the various types of bacterial proteins has not so far proved 
pathogenic for rabbits—intravenously, subcutaneously, and interperitoneally 
—but anaphylactic phenomena have been observed. 

Conclusions .—By a method which is shown to produce a minimum change in 
the protein constituents, an alcohol-soluble protein, having many of the characters 
of the alcohol-soluble proteins of the seeds of cereals, has been extracted from 
Streptococci, Staphylococci, BaciUus Hoff^nn, B. typhosus, B. cdi communis, 
B, paraooloides, and Miorocoocus eatarrhalis. The Molisch-reacting substance 
appears to form an important constituent of bacterial structure. 
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Absence of a Linear Relationship hettveen Graded Simple Reflex 
Flexions and the Relaxations thereof evoked by a Constant 
Extension-Producing Stimulus. 

By T. Gkaham Brown, F.R.8. (Cardifi). 

(Received July 13, 1927.) 

(From the Physiology Institute, Carditf.) 

When either of two antagonistic simple reflexes is evoked, its corresponding 
muscle shortens and any precurrent shortening in the antagonistic muscle may 
exhibit inhibitory lengthening. A flexion-producing stimulus evokes shorten* 
ing in the flexor muscle and inhibitory relaxation of any precurrent extensor 
tone; an extension-producing stimulus evokes shortening of the extensor muscle 
and usually no phenomenon whatsoever in the flexor muscle—as flexor tone 
rarely occurs. 

The concurrent application of these two stimuli evokes a compound reflex. 
The effect is Sherrington’s “ algebraic summation.” Each muscle shortens— 
but the amount of shortening of a muscle in the compound reflex is smaller 
than its shortening in the corresponding simple reflex. The compound magni* 
tude of shortening in either muscle is supposed to be conditioned by the algebraic 
sunamation, in the spinal centres, of the ” excitation ” produced by one of the 
stimuli and the inhibition ” produced by the other. 

To the best of the writer’s knowledge, the reflex magnitudes in this phenomenon 
have never been subjected to analysis and comparison. The object of the 
present paper is to examine one particular magnitude relationship—^namely, 
that between the shortening (contraction) of a flexor muscle in a simple fliexion- 
reflex and the lengthexiing (relaxation) produced in that muscle by the addition 
of an extension-producing stimulus, where the flexion-reflex is varied in 
magnitude and the extension-producing stimulus is kept at a constant intensity. 

M^hods. 

The reflex phenomena treated in this paper are obtained in decerebrate cats. 
The isotonic method of registration is used. The excursions of the recording 
levers are measured at the same set time-point in the period of the simple or 
compound reflex. The magnitudes thus obtained are then compared. 
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The Special Conditions, 

The flexion-producing stimulus is applied to the foot of the same limb as that of 
the recording muscle, and is either increased in intensity or decreased in intensity 
at each step in the experiment. An extension-producing stimulus is applied 
to the opposite foot and is kept at a constant intensity throughout the experiment* 
At each intensity of the flexion-producing stimulus it is first given alone, and the 
shortening of the flexor muscle (tibialis anticus) in the simple flexion-reflex thus 
evoked is later measured. The same stimulus is then given concurrently with the 
constant extension-producing stimulus and the reflex shortening of the flexor 
muscle is again measured. The point of measurement selected in each case is 
a time-point occurring at a selected fixed interval of time (1*0 second, 2*0 
second, etc.) after the commencement of the simple stimulus or of the period 
of double stimulation. The constant extension-producing stimulus is usually 
allowed to run for two or three seconds before the commencement of the flexion- 
producing stimulus which is compounded with it. This general procedure 
is repeated for each of a number of different intensities of the flexion-producing 
stimulus. The measurements, of course, are made after completion of the 
experiment. 

Under these conditions data are obtained concerning the reflex lengthening 
evoked by a constant extension-producing stimulus when acting against different 
magnitudes of simple reflex shortening of the flexor muscle. There are 
obviously many different possibilities. The lengthenings evoked by the 
constant extension-producing stimulus might be of equal magnitude; or they 
might be equal proportions of the simple flexor shortening; and so forth. 

Rmdts, 

If a series of three different magnitudes be 

and another series of three other related magnitudes be 

the relationship between the two series wUl be linear if the difference between 
any two magnitudes in the first series and the difference between the two corre¬ 
sponding related magnitudes in the second series exhibit direct proportionality. 
That is, if 
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In order to test the possibility of this relationship, tibie measurements of a 
graded series of simple flexion-reflexes are arranged in order of magnitude. 
The difierenoe between each pair of these magnitudes is then found (“ simple ” 
grades). The magnitudes to which each of those simple flexion-reflexes is 
reduced by the action of a constant extension-producing stimulus (“ inhibitory”) 
are then put down in the order of their respective simjjle flexor shortenings. The 
difierences between each consecutive pair of reduced magnitudes are calculated 
(“ compound ” grades). The magnitudes thus calculated for the “ simple ” 
grades if divided by the magnitudes calculated for the corresponding “ com¬ 
pound ” grades should give a constant, if the relationship between the simple 
flexor shortenings and either the magnitude by which each is reduced, or the 
magnitude which remains after reduction, is linear. Table I gives figures for 
one such experiment. 


Table I. 



(i) 

(B) 

1 

(ni) 

(It) 

(v) 

Temporal 
order. j 

“ Simple/’ 

“ Compound.” 

Ratio— 






AiB. 


Shortening. 

Difiorenoe, A. 

Shortening. 

Difference^ B. : 



mm. ( X 2). 

mm. (X 2). 

mm. { X 2). 

mm. (X 2). 


1 1 

00 

10 





14-5 


00 ? 

90 

' i 

14-5 

4*6 

0-25 

4-75 

0*96 

3 

190 

2-6 

3 0 

7*26 

0-34 

4 

21-6 

2-75 

12'25 

4*76 

0-68 

6 

24 23 

1-5 

170 

3-6 

0*43 

d 

25*73 

1*25 

20*5 

60 

0-21 

7 

27*0 


2d'5 




DMonbrste ost; 4 houn 7 minutei after deoerebration. One aet of ma^tudes between 
Sand7(aiaipleflexorahortening » 26-76mm.,compound 12-6mm.)iaomitted. OeaeripUon 
in text. [009:15386.] 


The figures on the left of the table give the order of the um^e flexor shorten¬ 
ings in ascending magnitude, and this order is also the temporal order of the 
obsfffvations in the experiment. In column (i) the magnitudes of flexor shorten¬ 
ing (in miUimetres as x 2 by the recording levers) are given for an ascending 
smieB of simifle flexion-reflexes. In column (ii) the difference between each 
ooBSeoutive pair of these sunple flexor shortenings is given. In column (iii) 






146 


T, G. Brown. 


the remaining shortening of the flexor when the simple shortening in oolxunn 
(i) is acted against by a constant extension-producing stimulus is given. In 
column (iv) the difference between each consecutive pair of compound magni¬ 
tudes in colrimn (iii) is given. In column (v) each magnitude in column (ii) 
is divided by the corresponding magnitude in column (iv) to give a ratio. 

It will be observed that the ratio given in column (v) diminishes markedly 
from above downwards—being infinitely large at the top of the column and 
comparatively small at the foot. There is, therefore, no linear relationship 
between the magnitudes of simple and of compound flexor shortening in this 
experiment. 

For the further illustration of this experiment, the magnitudes are plotted 
graphically in fig. 1. The method adopted is to plot each of the simple flexor 



magnitudes upon a straight line which cuts the axis of abscissae at an angle of 
45^. Magnitudes of flexor shortening are measured along the ordinates of the 
^aph, and the corresponding magnitude of compound flexor shortening is placed, 
at its proper distance from the axis of abscissae, on a perpendicular line between 
that axis and the corresponding simpfe flexor magnitude. The compound flexor 
magnitudes are then joined together (by the dotted line). The dotted line 
gives an approximate indication of a curve representing the relationship of 
compound flexor shortening (or the relaxation of simple flexor shortening) to 
simple flexor shortening, when different magnitudes of the latter are {dotted 
lineariy. 

This experiment has been selected for illustration because it gives three 
salient points in reference to the relationships of the magnitudes of simple and 
of compound flexor shortening, and because it gives them comparatively ficee 



147 


iytaded Simple Jtejiez Flexions. 

from podfiible experimental error. The first of these points is that where simple 
fiexor shortening is maximal (or nearly so), the inhibitory relaxation ptpduced 
by a certain extension-producing stimulus is small in magnitude or may not 
exist at all. The second salient point is that where the simple flexion is of about 
half maximal magnitude, the same extension-producing stimulus may give an 
inhibitory relaxation many times greater than that produced when it acts 
against a maximal flexion reflex. The third salient point is that, where the 
simple flexion is of very small magnitude, the same extension-producing stimu¬ 
lus may yet fail to produce complete inhibitory relaxation. If the relation¬ 
ship between the simple and the compound flexor shortenings is a linear one, 
all magnitudes of simple flexion, which themselves are smaller than the 
inhibitory relaxation of a medium-sized flexion-reflex, should exhibit complete 
inhibitory relaxation when opposed by the constant extension-producing stimu¬ 
lus. This possibility is absolutely negatived by the illustrative experiment. 
In it, a subliminal flexion-producing stimulus gives no trace of flexor shortening 
when applied alone ; but when applied against a constant extension background, 
a small ** compound flexor shortening is evoked. This small shortening must 
be a physiological effect. It cannot be due to such an extraneous factor as 
“ spread ” of stimulating current—because no such shortening occurs when 
the flexion-producing stimulus is applied alone, and shortening should then 
occur if due to “ spread.’^ 

In further illustration of this relationship, another example may be quoted 
(Table II and fig. 2). This experiment differs from the former in that the varied 
i-o— 


0-5 — 


0-0 - 

flexion-producing stimulus acted as the “ background during which a con¬ 
stant extension-producing stimulus was applied. In this case the '' simple/’ 
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flexioix*produomg stimulus has evoked a oertain amoont of flexor shortening 
at the moment when the extension-produoing stimulus is added. During the 
ensuing period (when the two stimuli are acting against each other), the simple 
flexor shortening partially lengthens—leaving a remainder of compound flexor 
shortening. Where the simple flexion is of small magnitude, this relaxation is 
complicated by such factors as the internal resistance of the shortened muscle 
to change in its own shape. In the experiment now quoted this factor possibly 
afleoted the first reaction in the series. If so, the residual flexor shortening in 
the compound reflex was smaller than actually appeared. 

Table II and fig. 2 are exactly similar to the preceding table and figure, and 
the description for one serves for the other; the only diflerence is that the 
temporal order of the observations was reversed in the second experiment. 


Table II. 


Reremc 

temporal 

oroer. 

(i) 

(ii) 

(iu) 

(iv) 

(V) 

j •” Simple.^' 

“ Compound.” 

liaiio-^ 

A:B. 

1 Shortening. 

1 

Diflerence, A. l 

! 

1 Shortening. 

Difference, B. 


mm. (X 2). 

1 

mm. (X 2). 

mm. (X 2), 

mm. (X 2). 


X 

00 


00 





10-5 


2-26 

4-67 

n 

10-5 


2-2a 





14'0 


3-75 

8-74 

3 

24-5 


60 





7 0 


4-0 

1-75 

4 

31-6 


10 0 





8-0 


12-5 

0*64 

5 

39-5 


22-5 





3-0 


40 

0-75 

6 

42-5 


26-6 





2-0 


7-5 

0-27 

7 

44-5 


34-0 





1-5 


6-6 

0-23 

8 

46 0 


40-5 





0-5 


6-5 

0-09 

9 

46*5 


46-0 




Decerebrate cat: 10 hours 57 minutes after deeerebration. All grades of simple flexor 
ihortening obtained in this expenment are included, but one set of magnitudes o<j[uivalent to 
S (simple flexor shortening. 46*0 mm.; compound, 41 -S mm.) is omitted. Description in text. 
[571 :13994.] 

General ObsertnUions. 

Some points may be noted in connection with this relationship between 
magnitudes of simple and compound flexor shortening. In the first 
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observations in this paper have been confined to instances in which the 
compound shortening is of smaller magnitude than that of simple shortening, 
i.e., to cases in which the compound effect is one of flexor relaxation. In many 
experiments no such inhibitory lengthening takes place in the whole range of 
flexor magnitudes; or, if it occurs at all, it is slight. Where this is the case, 
the relationship between simple and compound flexor shortening at different 
intensities of the flexion-producing stimulus (acted against by a constant 
extension-producing stimulus) is one of approximate equality, t.e., the relation¬ 
ship between the two is approximately linear. In many experiments the 
compound flexor shortening is actually greater than the simple—^flexor 
augmentation then occurs. In these cases, compound flexor shortenii^ 
again deviates from a linear relationship with the simple flexor shortening. 

In the second place, a point emerges from the curves which illustrate this 
present paper. In fig. 1 a comparatively sharp change of direction occurs in 
the curve of compound flexor shortening at reactions 2 (from the right-hand 
side). In fig. 2 the corresponding curve is much more smoothly graded. A 
similar sharp change of direction has been observed in some other experiments, 
but not in all. On the other hand, the sharp change in direction at this point 
certainly suggests the possibility that there may be two factors governing the 
resultant of the inhibitory effect of a constant extension-producing stimulus 
acting against varying flexion-producing stimuli. On the other hand, in this 
case the compound phenomenon exhibited by the antagonistic extensor muscle 
showed graded inhibitory lengthening at reactions 1, 2 and 3 (from the right- 
hand side). This suggests the possibility that the corresponding flexor con¬ 
traction was accidentally depressed at reaction 2, and that the sharpness of 
change of direction in the curve there is more or less accidental. 

In the third place, the graphs which illustrate this paper show comparatively 
simple relationship between the linear arrangement of simple flexor shortenings 
and the curve of compound flexor shortenings. In some cases the shape of the 
latter curve has been more sigmoid. On the left-hand side of the graph— 
where simple flexor magnitudes are approaching maximal—the compound 
flexor shortening is sometimes grecUer than the simple. Flexor augmentation 
occurs, but this augmentation—the difference between simple and compound 
flexor shortening—becomes less as maximum is approached. 

In the fourth place, the results of this paper appear to negative a linear 
relationship between simple and compound reflex flexor shortening. Linear 
relationship includes generioaily many possible more specific relationships of 
the two magnitudes. Ataougst such specific linear relationships are those of 
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direct proportionality between the two magnitudes and of constant difference. 
Both these possible relationships are excluded by the general negation shown 
in this paper. 

Summary, 

1. In decerebrate cats, graded reflex magnitudes of simple flexor shortening 
are obtained in response to flexion-’producing stimuli of different intensities* 
Each of these simple shortenings is then subjected to the “ inhibitory '* effect 
of a constant extension-producing stimulus—thus giving compound flexor 
shortening. 

2. Comparison of the magnitudes of simple flexor shortening and of compound 
flexor shortening fails to establish a linear relationship between the two. 


The expenses of this research were defrayed in part by grants from the 
Government Grants Committee of the Royal Society and from the Medical 
Research Council. 


Absence of a Linear Relationship between the Reflex Flexor 
Shortenings evoked by a Graded Series of Flexion-Producing 
Stimuli and the lnhibit 07 *y ” Lengthenings of a Constant 
Extension Reflex evoked by the same Stimuli, 

By T. Graham Brown, F.R.S. (Cardiff). 

(Received July 13, 1927.) 

(From the Physiology Institute, Oardiff.) 

When each of a graded series of flexion-producing stimuli is compounded 
with a constant extension-producing stimulus, a common reflex effect is that 
both of two antagonistic muscles -a flexor and an exteu8or““exhibit a smaller 
magnitude of ehortening in the compound reflex than in their respective simple 
reflexes. Such a series of compound reflexes affords the opportunity of analys¬ 
ing various possible relationships. One relationship—that between the 
simple ” and the compound flexor shortening—was examined in a pre¬ 
ceding paper.* The reverse aspect of this particular relationship is obtained 
by contrasting each different magnitude of “ simple ’’ flexor shortening with 
* * Boy. Soc. Proc.,’ B, vol. 102, p. 143 (above). 
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the corresponding magnitude of concurrent lengthening relaxation”) in 
extensor muscle, The present paper is devotisd to an examination of this 
particular relationship. 

The relationship of flexor shortening and concurrent extensor lengthening is 
that which has chiefly been used by Sherrington for the establishment of the 
principle of the “reciprocal innervation of antagonistic muscles.” Not¬ 
withstanding the interest and importance of this relationship, the reflex magni¬ 
tudes involved have not hitherto been examined. All examinations have 
been more or less qualitative, and any theoretical illustrations—by the giving 
of hypothetical numerical values to flexion and extension (including, in each 
case, “ excitation ” and “ inhibition have been made on the assumption 
of equality between “ excitation ” and “ inhibition.” The writer^ has, however, 
shown that one particular reflex phenomenon -the concurrence in compound 
reflexes of a remainder of shortening in both of the antagonistic muscles—is 
inexplicable on the assumption that there is equality between “ excitation ” 
and “ inhibition,” 

The proof given by the writer in the paper quoted above that “ excitation ” 
and “ inhibition ” are imequal does not itself negative the possibility of a 
relationship of simple proportionality between the two. Turning from theory 
to fact, the problem to be dealt with in this present paper is the possible occur¬ 
rence of a relationship of simple proportionality between the simple “ excita¬ 
tory ” shortening of the flexor muscle in the flexion-reflex and the concurrent 
“ inhibitory ” lengthening of an extensor muscle when the flexion is com¬ 
pounded against an extension-reflex. But that relationship of simple propor¬ 
tionality is only one of the possible linear relationships between series of these 
magnitudes; and the present paper deals with the wider issue—^that of linear 
relationship in general. 

The reflex phenomena here analysed are obtained in decerebrate cats by the 
isotonic method of registration. Synchronous records of the reflex shortenings 
and lengthenings of two antagonistic muscles—tibialis anticusand gastrocnemius- 
soleus are measured at set time-points in the period of the simple or compound 
reflex. The magnitudes thus obtained are then compare<l. 

A New Method of Direct Comparison of Reflex Magnitudes in Antagonistic 

Miiiscles. 

There is probably a comparatively simple explanation for the fact that com¬ 
parison of reflex magnitudes in antagonistic muscles has scarcely yet been made. 

* ‘ Quar, Joum. of Kxp. Physiol.,’ voJ. 14, p. 1 (1924). 
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Extensor and flexor muscles may (and do) act at different distances from the 
fulcrum of their joint“«o that their shortenings necessary to produce equal (but 
opposite) angular movement at the joint are of different magnitudes. Farther 
complications are produced by the differing mechanical magnifications of the 
recording apparatus used in experiment—^it is, for instance, convenient to 
magnify extensor movements more greatly than flexor. The relative differences 
in reflex movements of flexor and extensor muscles could no doubt be brought 
into direct comparison by calculating the distances at which the respective 
muscles act from the fulcrum of the joint, but this measurement would be 
difficult to make and probably inexact. 

For some years the writer has used a method of direct comparison for which 
the claim may perhaps be made that it affords a new method of research in 
this field. The method itself is simple. Maximal reflex shortenings of the 
flexor muscle in the flexion-reflex and of the antagonistic extensor muscle in 
the extension-reflex are evoked, recorded, and measured. All reflex magnitudes 
in either muscle are calculated as ratios of the maximum reflex shortening 
of that muscle. Direct comparison is made between these ratios. This method, 
by one simple calculation, adjusts all the differences due to the method of 
recording, to the constitution of the muscles themselves, and to their mechanical 
arrangement. 

The magnitudes thus obtained may be treated in several different ways. 
Of these, one is the mode of calculating proportional relationships between 
different magnitudes. In some cases (as where the relationships aU occur in 
the same muscle) it is not necessary to calculate an intermediate ratio of 
maximum shortening ; the direct magnitudes of the excursions of the recording 
levers may be used. In other cases (as where the magnitudes of antagonistic 
muscles are to be compared) it is sometimes necessary to use ratios of maximal 
ahortening—the investigated ratio is therefore then a ratio of two ratios. 

A second and useful mode of treatment is the graphic—the plotting of relative 
magnitudes (or ratios) on one and the same graph. For this purpose again a new 
method has been used. One selected series of reflex magnitudes is plotted upon 
a straight line which cuts the axes of abscissee and ordinates in a graph at angles 
of 46® (or at other convenient angles). In reality, such a graph plots reflex 
magnitudes both along the abscissee and along the ordinates. The ordinates 
are selected for the plotting, and all other magnitudes corresponding to the 
member of the linear series which falls upon a particular ordinate are placed 
upon that ordinate. If a curve is drawn through these other magnitudes its 
shape in contrast with the linearity of the selected magnitudes is seen at a 
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flaaoe. Ail reflex magnitudes (or ratios) from two antagonistio muscles are 
sometimes plotted upon the same graph. On other occasions a double graph 
is used for the relative magnitudes in flexor and extensor muscles. In this 
case the two graphs have a common axis of abscissas, but flexor magnitudes are 
plotted above the zero line and extensor magnitudes are plotted, in the opposite 
direction, below. 

The writer* has already made use of these methods for the direct comparison 
of reflex magnitudes; namely, the method of direct comparison of magnitudes 
in terms of the ratios of maximal reflex shortening, and the method of graphic 
plotting of one series of such ratios upon a sloping straight line, and of other 
ratios related to a meml>erof the series upon the proper corresponding ordinate. 

The Special Coniiiiom. 

The magnitudes used in this present analysis are obtainable from the same 
kinds of series of reflex phenomena as those described in a previous paper.f 
The magnitudes of simple flexor shortening evoked by a graded series of flexion- 
producing stimuli are measured as before. The same stimuli are then applied 
concurrently with a constant extension-producing stimulus—and usually two 
or three seconds after the commencement of that stimulus. The effect of the 
addition of the flexion-producing stimulus is to reduce the reflex shortening 
of the extensor muscle which is in being at the time of the application of 
the stimulus. “ Test ” simple extension-reflexes are recorded from time to 
time, and—a fixed time-point having been selected—the magnitude of inhibitory 
lengthening (“relaxation”) in the extensor muscle is measured. These 
measurements give data concerning the relation between different magnitudes 
of simple reflex shortening of the flexor muscle and each corresponding 
magnitude of compound reflex lengthening of a constant extension-reflex. 

Remits. 

Let the mfi^nitudes of flexor shortening evoked by flexion-producing stimuli 
of three different intensities be 

aif Uz, a^t 

and let the xaagmtudes of lengthening of a constant extension-reflex produced 
by each of those three stimuli be 

Ri, Rg, R|, 

* ‘ Quwr. Joum. Exp. Physiol.,’ vol. 14, p. 1 (19S4)—see fig. 6 on p. 10. 
t ‘ Roy. Boo. Proo.,’ B, vol. 102, p. 143 (above). 

u 2 
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the relationship between the two series of magnitude^ will be linear if the 
differences between any two magnitudes in the first series and the differenoes 
between the corresponding two magnitudes in the second series exhibit direct 
proportionabty. That is:— 

Q/\ Ug ttg ““ ^ 

El ^ Ro Eg -- Ra 

Tables I, II and III give calculations of this ratio for different intensities 
of the flexion-producing stimulus in three different experiments. The figures 
at the left-hand of each table give the numbers of the observations in order of 
time and also in order of ascending magnitude. In column (i) magnitudes of 
simple flexor shortening arc given in millimetres (as X 2 by the recording levers). 
In column (ii) the difference between each consecutive pair of these simple 
flexor shortenings is given. In column (iii) are given (in millimetres as X 4 by 
the recording levers) the magnitude of lengthening of the extensor muscle in a 
constant extension-reflex acted against by the flexion-producing stimulus which 
gives the corresponding flexor shortening in column (i). Column (iv) gives the 
difference in each consecutive pair of these compound extensor lengthenings. 
Column (v) gives the ratio obtained by dividing the magnitude in column (ii) 
by that in column (iv). It will be observed that this ratio varies greatly. 


Table I. 


Temporal 

order. 

(i) 

(«) 

(iii) 

(iv) 

(v) 

“ Simple flexor. 

“ Compound ’* extensor. 

Ratio— 

A:B. 

Shortening. 

Difference, A. 

Lengthening. 

Diffeionoe, B. 

1 

mm. ( X 2). j 

mm, (X 2). 

mm. ( X 4). 

mm. (X 4). 


1 

0-0 ! 


10 





4*25 


1-9 

2*24 

2 

4-26 


2*9 





10 


3-85 

0*26 

3 



6*76 





2*5 


13*25 

0*19 

4 

7'76 


20-0 

i 

1 



Decerebrate cat: 26 hours 16 minutos after deoercbration. All grades of simple flexor 
shortening obtained in this experiment are included, but two sets of magnitudes obtained with 
Bubliminid flexion-producing stimuli are omitted. Description in text. [663 :17271.] 
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Table II. 


Temporal 

order. 

(i) 

1 (ii) 

(Ui) 

(iv) 

('>) 

■ 

! 

“ Simple flexor. 

“ Compound ” extensor. 

liatio— 

A : B. 

Shortening. 

Diflerenoe, A. 

Lengthening. 

Difference, B. 


mm. (X 2). 

mm. (X 2). 

mm. (X 4). 

mm. (X 4). 


1 

00 


2-0 





15*5 


8-25 

1-77 

2 

15-0 


10-76 





4-5 


8-0 

0-56 

3 

200 


18-76 





3-6 


6-5 

0-64 

4 

23-6 


24-25 





30 


0*75 

4-00 

5 

26-5 


26-0 




Deoerebrate cat: 4 houni 7 minutes after deoerebration. The magnitudes given were obtained 
oonaeoutively in the course of the experiment. One set of magnitudes obtain^ with a subliminal 
intansity of flexion-producing stimulus before the commencement of this series, and three sets 
of magnitudes at wmoh compete extensor lengthening occurred after the end of the given series, 
are omitted. Description in text. [609 :15386.] 


Table III. 



(i) 

(U) 

(iu) 


(V) 

Temporal 

order. 

“ Simple 

** flexor. 

“ Compound ” extensor. 

Batio— 






A: B* 


Shortening. 

Difference, A. 

Lengthening. 

Difference, B. 



mm. (X 2). 

mm. (X 2). 

mm. (X 4). 

mm. (x 4). 


1 

00 

1-5 





10 


0-5 

2-00 

2 

1-0 

4-5 

2-0 

0-0 

OD 

8 

6-6 

20-0 

2-0 

1-0 

20 00 

4 

26-5 

6-5 

3-0 

10 

5-60 

5 

31-0 

4-5 

4-0 

1-5 

3-00 

6 

36-5 

2-0 

6-5 

8-0 

0-25 

7 

37-5 

2-5 

13-6 

4-5 

0-56 

8 

40-0 

3-0 

18-0 

1-0 

3 00 

9 

43-0 

2-0 

19-0 

0-0 

QO 

10 

46-0 


19-0 

1 



Decerebrate oat: 5 hours 38 minutes after deoerebration. The observations uj) to No. 7 were 
obtaUied oonseoutively in the experiment; one observation between 7 and 8 (w&re tto magni- 
tudea were almost itotieal for those mven for 8) and one observation between 8 and 0 (where 
the magnitudes were almost identical with those given for 9) are omitted. Description in 
tent. [870:18886.] 
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Figs. 1, 2 and 3 give graphic representationB of the magnitades (as ratios of 
maximum shortening) in the corresponding tables. In each case proportional 
magnitude of simple flexor shortening is plotted upon a straight line which outs 
the axis of abscissae at an angle of 45°. Ordinates measure the magnitude of 
shortening or lengthening calculated as a ratio of maximal reflex shortening in 
flexor or extensor muscle. On the same ordinate as simple flexor shortening, 



Fig. 3. 

the corresponding compound extensor lengthening is plotted. A broken line 
joixus up these extensor magnitudes. [The scale in fig. 1 is twice that in the 
two remaining figures.] 

From Table I and fig. 1 it is seen that the flexor magnitudes of this particular 
experiment are all comparatively small. The flexor magnitudes lie in the 
lower part of the scale. Had the series been extended in an upwixd direothii^ 
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It lA probable that nearly maximal extenaor lengthening would have occurred 
at or before the corresponding simple flexion was of about half maximal size. 
This is a very common relationship of the two phenomena. And the illustra¬ 
tion gives, as it were, a portion only of the graphs of the two phenomena. 

Table II and fig. 2 give an instance in which there is greater correspondence 
between the two magnitudes. From the table it will be observed that the ratio 
decreases to a minimum and again rises as the magnitude of simple flexor 
shortening progressively increases. This form of variation in the ratios is of 
extremely common occurrence, and signifies a more or less sigmoid form in the 
curve of compound extensor lengthening when it is plotted against a linear 
arrangement of simple flexor shortenings. 

Table III and fig. 3 illustrate an example in which the sigmoid form of the 
curve of extensor lengthening is evident. In this case the extensor lengthening 
increases rapidly only after the simple flexor shortening has exceeded about 
0*76 of maximal. The general form of this curve of extensor lengthening is 
similar to that obtained in the more common instances where nearly maximal 
extensor lengthening is attainerl while the flexion-reflexes are still small. The 
form of the curve of the extensor lengthening here figured is a very usual one, 
but the relationship of the steepest part of the curve with large flexor shorten¬ 
ings is xmusual. The ratios in the table again show a decline to a minimum and 
thereafter further increase as the magnitudes of simple flexor shortening steadily 
increase. There is again no approximation to a linear relationship between the 
series of magnitudes of simple flexor shortening and the series of magnitudes of 
ccnnpouud extensor lengthening. 

General Observations. 

Examination of a large number of series of compound reflexes has shown that 
the phenomena illustrated in the three examples selected for this paper are of 
almost constant occurrence. Extensor lengthening does not bear a linear 
relationship to the simple flexor shortening evoked by the same flexion-pro¬ 
ducing stimulus which gives the lengthening when it acts against a constant 
extension-reflex. 

Notwithstanding the generality of this statement, approximations to a 
linear relationship are occasionally observed. This appears to be the case where 
inhibitory ” lengthening of the flexor is absent, or is small, in the compotmd 
reflex. Where that flexor lengthening {** relaxation ”) is greatest, the deviation 
from linearity examined in this paper appears to be greatest. It may he that 
^ linear rdationship which is occasionally ^countered lies inteimediato 
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between what may be deBcribed as positive and negative curvilinear relation- 
dupe. Of these, the examples quoted in this paper belong to one type only* 

The experimental observations in this paper, therefore, negative the possi¬ 
bility of a general linear relationship between series of simple flexor shortenings 
and the extensor lengthenings given by varied flexion-producing stimuli acting 
against a constant extension-producing stimulus. This negation includes two 
possible speciflc relationships of excitatory contraction (in the flexor muscle) 
and inhibitory relaxation (in the extensor muscle). The relationship between 
the former and the latter, i.e., between simple flexor shortening and compound 
extensor lengthening, is not one in which the lengthening and shortening are 
related in direct proportionality. Nor is that relationship one in which there 
is a constant difference between the two magnitudes. 

Summary. 

1. In decerebrate cats, graded reflex magnitudes of simple flexor shortenings 
are obtained in response to flexion-producing stimuli of different intensities. 
Each of those stimuli is then compounded with a constant extension-producing 
stimulus, and the resultant lengthening (relaxation) of the extensor muscle is 
measured. 

2. Comparison of the magnitudes of simple flexor shortening and of com¬ 
pound extensor lengthening fails to establish a general linear relationship 
between the two. 


The expenses of this research were defrayed in part by grants from the 
Government Grants Committee of the Royal Society and from the Medical 
Research Council. 
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T%e Relation of the Magnitudes of Remaining Reflex Shortening 
in Two Antagonistic Muscles during Compound Stimulation. 

By T. Geaham Brown, F.R.S. (Cardiff). 

(Received July 13,1927.) 

(From the Physiology Institute, Cardiff.) 

la a decerebrate cat, a flexion-producing stimulus evokes reflex shortening of 
a flexor muscle and “ inhibitory ” relaxation of extensor tone, i.e., lengthening 
of the antagonistic extensor muscle. An extension-producing stimulus evokes 
reflex shortening in the extensor muscle of the antagonistic pair but, as there is 
no flexor tone, no measurable phenomena occur in the flexor muscle. If those 
two antagonistic stimuli are applied concurrently, a common phenomenon is 
the occurrence of some degree of shortening synchronously in both muscles of 
the antagonistic pair. 

On theoretical ground it is supposed that a simple flexion-producing stimulus 
evokes increase of discharge in the motor neurones which serve flexor muscles 
and inhibition ’’ of any discharge occurring at the time in the motor neurones 
which serve the antagonistic extensor. Similarly, an extension-producing 
stimulus is supposed to give concurrent increase of discharge in extensor moto- 
neurones and “ inhibition ” in flexor moto-neuronea. A compound reflex is 
evoked when both these stimuli are applied concurrently, and a common (but 
not invariable) observation is that neither of the muscles in question shortens 
so greatly in the compound reflex as it does in its proper simple reflex. If the 
compound phenomena are regarded from the aspect of the effect upon either 
simple reflex of compounding it with an antagonistic simple reflex, both muscles 
appear to relax (lengthen). Sherrington* has described this compound reflex 
effect as '' algebraic summation.” It has often been assumed, sometimes tacitly, 
that the '' excitation ” and inhibition ” produced by a reflex stimulus are equal, 
and that the compound effect of two antagonistic reflex stimuli is produced 
by the algebraic summation in either group of moto-neurones (i.e., in either of 
what the writer has termed the antagonistic half-centres ”) of the '' excita¬ 
tion ” and '' inhibition ” produced in it by the two antagonistic reflex stimuli. 
A corollary to this is that the ‘"reciprocal” relationship of two antagonistic 
muscles is governed by the “ excitation ” of one and the equal “ inhibition ” 
of the other evoked by a reflex stimulus. 

♦ * Roy. Soc. Proo.,’ B, voL 86, pp. 219 and 238 (1913). 
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The occurrence of central inhibition is an inference from the observed fact 
that in many cases one of the pair of antagonistic muscles may relax 
lengthen) during reflex stimulation. It is undoubted that inhibition occuxa 
and plays an essential part in simple and compound reflex phenomena. That 
inhibitory lengthening—the phenomenon from which central inhibition is 
inferred— is an invariable part of simple and compound reflex phenomena is 
not only open to challenge but fails in the test of experiment, even where there 
may be an ample “ background ” of shortening upon which the inhibition might 
act. In other words, the usually assumed rule of reflex innervation—that 
relaxation of one antagonistic muscle accompanies contraction of the other— 
while accurate in a large number of cases, is not a constant one. 

Most of the observations of this phenomenon have up to the present been 
qualitative. The actual quantitative magnitudes of reflex shortening and 
lengthening have scarcely been examined. The writer* has, however, shown 
that the observed synchronous occurrence of some degree of reflex shortenii^ in 
both of two antagonistic muscles during a compound stimulation is incompatible 
with the assumption that the excitation and “inhibition ” evoked by a 
reflex stimulus are equal. 

A method of experimental approach to these problems is to record a graded 
series of simple reflexes (flexion or extension), and to compound each of those 
graded reflexes with a constant antagonistic reflex (extension or flexion). The 
simple reflex magnitudes are arranged in a linear series and the compound 
phenomena corresponding to each member of the graded series of simple 
reflexes are examined for the presence of, or deviation from, linearity, 
for the occurrence or non-occurrence of direct proportionality with the simple 
reflexes which evoke them. It has already been shown by the writerf that 
direct proportionality does not always obtain in two possible relationships— 
that between the gradation of a series of simple flexor shortenings and the 
flexor lengthenings evoked when each member of the series is compounded with 
a constant extension-reflex; and that between the simple flexor shortenings 
and the compound lengthenings of the antagonistic extensor in the same 
circumstances. 

The object of the present paper is to describe a certain linear relationship 
which has been found. 


* ' Quar. Joum. Exp. Physiol.,’ vol. 14, p. 1 (1924), 
t ‘ Roy. Soo. Proc,,’ B, vol. 102, pp, 143 and 160 (above). 



Reflex Shortening in Two Antagonistic Muscles. 161 

Methods. 

Decerebrate cats are used. A flexion*producing stimulus is applied to the 
foot of the same limb iu which the reflex movements of a pair of antagonistic 
muscles (tibialis anticus and gastrocnemius-solens) are recorded by isotouie 
mechanical registration. These reflex movements are measured. An extension- 
producing stimulus is applied to the opposite foot. The reflex movements in 
the original pair of antagonistic muscles are again recorded and measured. The 
two stimuli are applii^d concurrently. The reflex movements are again recorded 
and measured. This procedure is adopted for different arrangements (inten¬ 
sities) of the antagonistic stimuli. In some of the present observations, the 
flexion-producing stimulus is varied in intensity, and the extension-producing 
stimulus is kept constant, or vice versa. In other experiments the intensities 
of both stimuli are progressively increased at each step. The change in intensity 
of stimulation may be in the direction either of increase or of decrease. 

The reflex magnitudes thus obtained are calculated as ratios of the respective 
maximal reflex shortening of the flexor or of the extensor muscle, as the case 
may be. More than 150 reflex series of this description have been recorded^ 
measured, and examined. They were recorded at an average interval of a 
little more than 7 hours 20 minutes after decerebration ; hut four of the aeries 
were recorded less than 2 hours after decerebration and 11 more were recorded 
less than 4 hours thereafter. Twenty-six on the reflex series were recorded 
between 10 and 28 hours after decerebration. 

The phenomena selected for examination in this paper are the magnitudes of 
remaining shortening in the two antagonistic muscles during compound stimu¬ 
lation ; and, in particular, the sum of the two shortenings (as estimated as 
ratios of the corresponding maximal reflex shortenings of the respective 
muscles). 

An Example of “ Constancy of Sum of the remaining Reflex Proportiofud 
Shortenings in tm Antagonistic Muscles durihg Compound Stimulation. 

A chief difficulty in this experimental analysis is to secure constancy of the 
reflex preparation. When such constancy is obtained, there still remain technical 
difficulties with regard to the calculation of the zero datum from which all 
reflex shortenings are measured, and with regard to the calculation of the 
magnitude of maximal reflex shortening. In one favourable example conditions 
of considerable constancy were obtained, and the zero and maximum data were 
obtainable with a close approximation to accuracy. The results to he described 
were obtained at 27 hours 31 minutes after decerebration. 
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Graded simple flexion-producing stimuli of progressively increasing intensities 
were applied and evoked simple flexion-reflexes of graded magnitudes. At each 
intensity the flexion-producing stimulus was also applied concurrently with 
a constant extension-producing stimulus - the point of application of the 
flexion-producing stimulus being in each ca8(^ 3 seconds after the commence¬ 
ment of the background ’’ extension-producing stimulus. The two stimuli 
ran concurrently for a little more than 2 seconds of time and the reflex measure¬ 
ments given in the following table (Table I) are the various' magnitudes of 
compound reflex shortening measured at 2 seconds after the commencement of 
the stimulation. 

In Table I the figures in the left-hand column give the temporal order of a 
series of compound reflexes—and this order is also the order in which the 
intensity of the flexion-producing stimulus was increased. Column (i) gives 
the magnitudes of compound flexor shortening in millimetres (as X 2). Column 
(v) similarly gives the magnitudes of compound extensor shortening in milli¬ 
metres (as X 4). Column (ii) gives the ratios of maximum flexor shortening 
corresponding to the magnitudes in column (i), and column (iv) similarly gives 
the ratios of maximal extensor shortening corresponding to the absolute magni¬ 
tudes in column (v). In column (iii) the two ratios in columns (ii) and (iv) are 
summed. 


Table L 


Temporal 

order. 

(i) 

<«) 

(iii) 

(iv) 

(▼) 

Flexor. 

Sum. 

Extensor. 

mm. (x 2) 
a. 

Ratio. 

6. 

Ratios. 

6 4* B. 

Ratio. 

B. 

mm. (X 4). 

A. 

1 

00 

0*0 

0*726 

0-726 

87*0 

2 

14'S 

0*254 

0-011 

0*667 

33*6 

3 

23*5 

0*413 

1-007 

0*594 

30 25 

i 

30*76 

0*640 

1-065 

0-626 

26-76 

5 

32 «0 

0-562 

1-018 

0*461 

23*0 

6 

36 26 

0*687 

1-025 

0*388 

19*75 

7 

38*5 

0-675 

0-094 

0*819 

16-26 

8 

46*0 

0*807 

0-039 

0*132 

6*75 

9 

63*76 

0-043 

1-036 

0*093 

4*75 

10 

55*25 

0*966 

1-067 

0*098 

5*0 

H 

55*25 

0*969 

1-033 

0*064 

3*25 

12 

55*25 

0*969 

1-033 

0*069 

3*5 

13 

66*75 

0*978 

1-066 

0*078 

4*0 


Flexor maximum ^ 57*0 mm. 

ICxtensor maximum 51*0 mm. 

Deoarebrate oat: 27 hours 81 minutes after deoerebration. Besoription In text, i 
7850.] 
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Except in the case of the first observation, both of the two antagonistic 
muscles exhibit reflex shortening during compound stimulation- There is a 
very close approximation to constancy in the sum of the ratios from observation 
3 downwards, in spite of the fact that the possible range of experimental error 
scarcely justifies the giving of the ratios to the lOOOth part. It will be observed 
that the magnitudes increase from above down in the case of the flexor muscle, 
and decrease from above down in the case of the extensor. Notwithstanding 
the wide variation in opposite directions of the flexor and extensor magnitudes, 
there is constancy in the sums of their ratios within a limit of variation which 
is remarkabljr small for observations of this nature. It is hard to resist the 
conclusion that, in this experiment, the sum of the ratios should have amounted 
exactly to unity ; ii so, the average deviation from unity in the observations 
from No. 3 down is less than 4 ]>er cent. [This result may perhaps be held to 
indicate the general reliability of the methods here adopted for bringing flexor 
and extensor phenomena into direct comparison.] 

This particular relationship of the remaining shortcuiings of two antagonistic 
muscles in compound reflexes (when these shortenings are calculated as ratios 
of reflex maxima) is one of “ constancy of sum.*’ The quoted example is the 
most striking which has been obtained, but approximations of this constancy 
have occurred in many reflex series and some of these have shown almost as 
great constancy as the selected example. A marked feature of the calculations 
has been the frequent occurrence of sums varying but slightly from unity. 
The sum is commonly (but by no means invariably) about 5 per cent, greater 
than unity, and this excess may perhaps be attributed to error in the calcula¬ 
tion of the data—and most probably to underestimation of the flexor 
maximum datum. Occasionally the sum has been considerably in excess of 
unity, ^ums as great as 1 - 3 have occasionally been met, and it is possible 
that the excess over unity may be attributed to underestimation of one or 
other maximum. The frequency, however, with which the sum approximates 
to unity completely negatives the possibility that this approximation is a 
chance phenomenon. 

That the summed remainders of proportional reflex shortening should 
approximate to unity is not in opposition to the mechanics of movement at 
joints. Two antagonistic muscles which act upon the same joint pull upon a 
rigid lever, and act on either side of its fulcrum. The tendons by which they 
are connected to the bony lever are usually attached at different distances from 
the fulmun. If the antagonistic muscles are controlled in such a way during 
reflex movements that their lengths are always accurately adjusted to the 
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posture 6t the joint (i.e., it on the one hand any slack ” is always taken up 
and on the other hand neither muscle tends to overpull the other), then when one 
muscle shortens by a certain proportion of its own maximal shortening, the 
other muscle must lengthen by that same proportion of its maximal shortening. 
Were this not so, the muscles would either pull against each other in a movement 
or one of them would remain slack. 

Neither of the above possibilities is physiologically impossible, but this 
constancy of sum at unity seems to indicate that, in some reflex series at any 
rate, the lengths of the antagonistic muscles remain throughout nicely adjusted 
the one for the other. This is certainly the case in many instances, although 
not invariably so. 

A point of importance is that owing to the conditions of the experiment the 
two antagonists are mechanically free from one another, so that the pull of one 
oannot mechanically affect the other. Constancy of sum ** might conceivably 
be brought about by an adjusting proprioceptive reflex stimulus which might 
compensate any tendency for one muscle to pull against the other. But con¬ 
stancy of sum here occurs where the two muscles are pulling upon separate 
levers (the writing levers of the recording apparatus), and it may be concluded 
that the relationship of constancy of sum (where it obtains) is a central phenome¬ 
non brought about in the spinal centres. 

In the particular series from which the example in Table I was obtained 
the phenomenon of compound flexor relaxation (lengthening) was not well 
marked. This failure of the occurrence of flexor inhibitory lengthening is a 
common feature of the reflex series which have exhibited constancy of sum. 
But it is not an invariable feature ; constancy of sum occurred in one of the 
series where flexor inhibitory lengthening was most marked of any. As regards 
reflex series where the flexion-producing stimulus is varied in intensity while 
the extension-producing stimulus is kept constant, constancy of sum has been 
associated with the selection of nearly maximal extension for the constant 
extension-reflex. 

Exceptio^w to the “ Constancy of Sum Relationship, 

Where the sum of the remainders of proportional shortening in two anta¬ 
gonistic muscles is constant, the series of these smns bears a linear relationship 
to the series of graded simple reflexes, or to the series of constant simple reflexes, 
which are compounded together. It may indeed be looked upon as a special 
instance of this linear relationship. While constancy of sum has occurr^ in 
many instances, it has been by no means invariable; and in some cases in which 
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inconstancy has occurred there has yet been clear linear relati^mship between 
the series of sums and the graded series of simple reflexes used in the particular 
experiment. Fig. 1 gives one such instance in graphic form. 

j-0 — • 

.^ 

\ 

\ 
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. / FLEXOR \ * • 

- • •s • 
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Fig. 1.—Decerebrate oat: 3 hours 46 minutes after decerebration. Reflex magnitudes (ratios) 
in left tibialis anticus and gastrocnemius-soleus at 2*0 seconds in the period of oom- 
pound reflex stimulation. Extension-producing stirauUis graded. Flexion-producing 
stimulus constant. Selected gradation of graph is that of simple flexor shortenings in 
right hind limb. Description in text. [530:11931.] 

In the experiment here plotted, the extension-producing stimulus was varied 
in intensity, and the flexion-producing stimulus was constant. The remainders 
-of shortening in the flexor and extensor muscles when the two stimuli were 
-compounded are plotted together on the same graph above the axis of abscissse 
—distance from the axis of absciss® representing remainder of shortening 
calculated as a ratio of maximal reflex shortening. The extension-producing 
stimulus decreases in intensity from left to right, and the extensor remainders 
in the compound reflexes are joined up with broken lines. These remainders 
plotted with ordinates corresponding to the straight gradient upon which 
the corresponding dmjde flexor shortenings in tho opposite limb were plotted— 
and the maximum and minimum of this straight gradient are denoted by dots 
surrounded by oixcles. The flexor remainder corresponding to an extensor 
xemainder is plotted on the same ordinate, and the flexor remainders are joined 
up by dotted lines. The mean of the sum of two corresponding flexor and 
extensor remainders is plotted as a dot upon the same ordinate, and these dots 
are not joined up. They lie approximately on a straight line. 

Other examples of this linear relationship accompanying inconstancy of sum 
proportional remainders have been obtained. Where the flexion-producing 
stimulus is that which is varied in intensity, the linear relationship rarely 
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extends loeyond the zero point of the flexor gradient, ie., this linear rektiotudaip 
becomes distorted where stimuli of subliminal intensity as regards simpte 
shortening of the flexor muscle may yet evoke compound lengthening (relaxa¬ 
tion) of the extensor muscle when pitted against a constant extension*producing 
stimulus. 

The experiment from which the magnitudes in fig. 1 are taken had an additional 
point of interest. The sums of the remainders of shortening in a flexor and 
extensor of one hind limb show a clear relationship with the similar sums for 
the corresponding muscles of the other hind limb. The varied stimulus used in 
the experiment gave graded flexion in the right ankle flexor—^that being the limb 
to which it was applied. The same stimuli gave graded simple shortening of the 
left extensor. Thus the stimulus pattern was diametrically opposite in the two 
hind limbs; in the right—^graded flexion against constant extension, in the 
left—graded extension against constant flexion. The differcTwe of the sums of 
the proportional remainders of shortening in both limbs at each grade of the 
varied stimulus gave a comparatively close approximation to equality. This 
is shown in Table 11. 


Table II. 


Temporal order. 

(i) 

Right. 

(ii) 

Left. 

(iii) 

iiiffeienoe. 

1 

0-26 

0-79 

0-63 

2 

0*34 

0*88 

0’54 

3 

0-62 

0-92 

0*40 

4 

1 0-46 

0*97 

0-51 

6 

! 0'61 

1*07 

0*46 

6 

0-77 

122 

0-45 

7 

0‘S6 

1-32 

0-46 

8 

0*89 

1-82 

0*43 


Beoorobrat® cat: 3 hours 46 minutes after deoerebration. Description in text. 

[ftSO; 11931.] 


The figures in the left-hand column give the order of a series of compound 
reflexes in temporal sequence, and this order is also the order of increasing 
intensity of a reflex stimulus applied to the right foot. Column (i) gives tibe 
sum of the proportional remainders in right extensor and flexor at each intensity 
of the graded stimulus, as measured at the 2-8eoond time-point in the compound 
reflex. Column (ii) gives the sum of the corresponding remainders in the left 
extensor and flexor. Column (iii) gives the difference of those two sums. It 
will be observed that, while there is some variation in the differences, there is 
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yet a conBiderable approximation to equality. This approximation is c\om 
enough when account is made for the four-fold possibility of error. 

The particular linear relationship of the sums of remaining shortening in 
compound j^^flexes described in this section appears to occur where a simple 
reflex of small magnitude is selected as the constant rf^flex of a compound scries 
in which the antagonistic reflex is of graded intensity. 

In most of the reflex series so far examined there has been some approxima¬ 
tion to a linear relationship between the smns of the remaining proportional 
short^eninga and tlie magnitudes of the simple reflex shortening evoked by the 
grad(^d stimuli used in such series; but curvilinear and irregular relationships 
have not infrequently laum observed. The. exceptions must be noted but 
cannot be analyscMl here. In some (jases exceptional relationships appear to 
be associated with ‘‘ deterioration of the constant simph? reflex used in a series 
- in other words, with incotistancy of the reflex preparation. In other cases it 
is possible that a curvilinear relationship is due to (‘rror in the estimation of 
the maximum datum. In yet other cases abnormality may be suspecjted—it 
occasionally looks as if inhibitory relaxation (lengthcming) is unusually great 
in both muscles, and conversely it occasionally appears to be unusually small. 

** Comtaney of 8 mn comjxired mth “ Redf vocal ” Relationship. 

Tin* r<‘ciprocal r(*]ationship in reflc'X j)henomfma is tliat betwecii r(‘fl(*x 
shortening of one muscle and reflex lengthening of its antagonist. The con¬ 
stancy of sum ’■ relationship described in this im})er is that between the remainders 
of proportional shortening in both nuisek's irrespective* of the occurrence of 
lengthening (relaxation) in one or other; and it is perhaps a special instance 
of a more general “ linearity of sum ” relation. 

The “ constancy of sum ’’ relationship has occurred in experiments when the 
reciprocal ’’ relationship has been absent. 

Where a graded series of flexion-producing stimuli is used, and each stimulus 
is compounded with a constant extension-producing stimulus, it not infre¬ 
quently occurs that the flexor is more shortened in the compound reflex than in 
the simple reflex. In other words, no rtjlaxation occurs- there is augnumtation 
of contraction. Where this is the case it is cl<iar that no “ reciprocal ” relation¬ 
ship obUins between extensor shortening (wluyt^her simple or compound) and 
flexor lengthening—for the latter is non-existent. Similarly, an extimsion- 
producing stimulus may evoke more e^iensor shortening wlien pitted con¬ 
currently against a flexion-producing stimulus than when aj^plied alone. In 
this case there can be no reciprocal relationship between simple or ciompound 
VOL. on.—B, 
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flexor shortening and extensor lengthening (relaxation). Yet in each of those 
instances the relationship of constancy of sum may obtain between the remain¬ 
ing shortenings (estimated as ratios of maxima) in the two antagonistic muscles, 
i-o— 



Fia. 2.—Doeerobrate cat: 27 hours 31 luinutcs after ilwerobration. Kofiox muguitndes 
in right tibialis anticua anil gastrw-ncmius-Molinia at 0-5 socond in the |)oriod of simple 
or compound reflex Htimulation. Flexion-producing stimulus graded. Extonsiou- 
producing stimulus constant. Soloettsl gradation of graph is that of simple flexor 
Bhortenings in the right hind limb. DcBcription in t«>xt. [0ft4 :17350.] 

In fig. 2 are plotted graphically the data from an exj)eriment in which 
comirauiicl/exor augmentation of shortening occurred. It is the same experi¬ 
ment as that from which the magnitudes in Table I wt!re obtained, but the 
proiMjrtional magnitudes here given are those at the 0-5 second time-point in 
the period of compound stimulation, ami not those at 2'() seconds. The same 
mode of graphical representation is adopted as that in fig. 1, save that the 
means of the sums of the proportional remainders are marked by small crosses. 
In addition, however, the simple flexor shortenings are plotted on a straight 
gradient represented by an unbroken line. The points representing pro|K>rtioual 
nmgnitudes of simple flexor shortKuiing are markixl by short cross linos placed 
at right angles to the eontiimous line. Had there been flexor lengthening in 
the oompouml reflex, the dotted lino of flexor compound romaiuders would 
have fallen below the continuous line of simple flexor shortenings. It hero 
lies everywhere above that line—in other words, there is compound flexor 
augmentation. Nevertheless, the “ mirror image ” relationship of the two 
scries of flexor (dotted line) and extensor (broken line) remainders is vorymarked, 
and there is a comparativtdy close approximation to constancy in the of 
the sum of these remainders. The reciprocal relationship (as regards fln yor 
relaxation) hero fails, but eoustaucy of sum obtains. 
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It may be noted parenthetically that fig. 2 in conjunction wit3i Table I 
illustrates a feature of the constancy of sum relationship which occurs in well- 
marked instances. I’he method of treatment used in this paper has been, as 
it were, a static one. Reflex phenomena occurring at the same time-point 
in different reflexes are compared together. But the magnitudes of reflex 
movements are constantly varying during the period of one and the same simple 
or compound reflex. Table I and fig. 2 show that, in a particular experiment, 
constancy of sum occurred in a series of compound reflexes both at the 0*5 
second time-point and at the 2*0 second time-point in the period of compound 
stimulation. As a matter of fact, approximations to constancy of sum appear 
to occur at each selected time-point; but the constant sums at the different 
selected time-points are not necessarily equal. 

Increase of extemor shortening may also sometimes occur during compound 
stimulation. This is most usually the case where both the extension-producing 
and the flexion-producing stimuli are of low intensity. This phenomenon is 
often well illustrated where both of the antagonistic stimuli are progressively 
increased or dcc.reased during the course of an experiment. 

Fig. 3 gives the result of such an experiment in graphic form. In this case 
the graph is a double one ; all flexor magnitudes (ratios of maximum) are plotted 
above the axis of absciss®, and all extensor magnitudes (ratios) are plotted 
below the axis. The selected gradient is that upon which the simple flexor 
shortenings li(J in a straight line. It is represented by the continuous lim in 
the upper half of the graph, and the proj)ortional magnitudes of simple flexor 
ghorteiiing obtained in the experiment are plotted at the points marked by shopfc 
lines cutting the continuous line at right angles. All other simple and com¬ 
pound ratios are plotted on the corresponding ordinates upon which these simple 
flexor ratios fall. The dotted line in the upper part of the graph joins up the 
compound flexor remainders. The simple extensor proportional shortenings 
selected in this experiment to be pitted against the flexor are plotted in the 
lower half of the graph and are joined up by lines of dashes and dots. The 
broken line joins up the compound extensor remainders. The mean of the 
sum of each two remainders on an ordinate is plotted in the upper half of the 
graph only, and is marked by a cross. 

The parallelism ” between the lines of flexor and extensor remainders is 
evident; and it will be observed that, with the cxcjcption of the second, the five 
crosses on the left-hand side lie upon a line which is approximately parallel to 
the axis of abscissaB, i,e., the sums of proportional remainders of shortening 
are equal. Had there been constant extensor lengtJiening in the compound 
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reflesx, tlie line joining extensor remainders would always have lain between the 
axis of abscissa; and the lintj of simple extensor shortenings* At the fourth and 

1*0 — 


0*5 


0*0 


0*5 


/ 

1*0 - 

Fio. 3.—Poom^bratc oat: 1 hour 25 minutea after docorebration. Keflex nia^nitudeB in 
loft tibialip antious and gjwtrocnemiuB-aoleiiB at 1-5 Hoconds in the period of simple 
or compound reflex stimulation. Both flexion- and oxtension-produeing »tlmuU 
graded. Selected gradation of graph is that of simple flex«)r ahortoningB in left hind 
limb. In this graph extensor magnitudes are plotted below the axis of abscissae and 
flexor magnitudcH above. Description in text. [502 : I50fl0.] 

fifth ordinates from the left of the graph the compound extensor shortenings 
fall below the positions of the simple flexor shortenings, and the same is the 
case with the remaining three compound extensor shortenings on the right-hand 
side of the graph. Here extensor migmentalion of shortening occurs in the 
compound reflex but yet, at the foiirth and fifth ordinates, the relationehip 
of constancy of sum is retained. The reciprocal relationship as regards extensor 
lengthening and flexor shortening fails completely at these two ordinates alth<N%h 
the relationship of constancy of sum in the proportional remainders obtains. 
Comparatively close (and sometimes very close) approximations to the 
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rdationship of the simple and compound shortenings illustrated in fig. 3 have 
always been obtained where it has been i)OS8ible to pit graded simple flexion- 
reflexes against graded simple tixtension-reflexes. 

This phenomenon of extensor augmentation of shortening in compound reflexes 
raises questions of complexity. The experiments from which these illustrations 
have been taken have all been made in the decerebrates preparation of the cat. 
It might seem possible that the phenomenon may be due in part to the implica¬ 
tion of the higher centres (mid-brain and so forth) still present in this prepara¬ 
tion. But the phenomenon of extensor augmentatioii occurs in the muscles of 
the hind limb when the preparation is a low-spinal one.* It is also obtain¬ 
able in the de-afferented state of the decerebrate cat,t i.e., where the proprio¬ 
ceptive reflexes arising from the hind limbs are excluded. The inference is 
that the phenomenon is a part of the mechanism of the spinal centres. 

Comtudom. 

The reflex relationship described in this paper appears to open a field of some 
complexity. The observations are that in a large number of series of graded 
compound reflexes there is a definite relationship between the remaining shorten¬ 
ings in two antagonistic muscles. If these shortenings are measured as ratios 
of the corresponding maximal reflex shortening, the sum of the proportional 
remainders is constant in many experiments over a large portion of the reflex 
Series. Not only so, but the constant sura often very closely approximates to 
wity. In other cases, however, where this sum shows inconstancy, there yet 
appears to be a linear relationship between the sums in question and the 
magnitudes of the graded series of simple reflex shortenings which are com¬ 
pounded against a constant reflex to give the compound reflexes. 

The most inclusive statement of these relationships would appear to be 
defined as follows: If we call the sums of remainhig reflex shortening in two 
antagonistic muscles Y, and the magnitude of simple reflex shortening evoked 
by the corresponding member of the graded series of simple reflex stimuli used 
in a compound series X, then 

Y = AX + B, 

where A and B are constants. In many cases (although not invariably) A 
appears to be aero, so that Y is itself constant. This defines a general linear 
reiatioi^ip between the sums of remaining reflex shortenings and the 

* Jottrn. Exp, Physiol.,’ vol. 7, p. 197 (191i)— soe figs. 2 and 3. 

t * Quart* Joum. Exp, Physiol./ vol, 7, p. 245 fig. 30i 
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magnitudes of simple reflex shortening evoked by tlie graded stimulus. 
Included in this linear relationship is one of constancy of sum of the remaining 
shortenings. 

The linear relationship appears to occur in the complete absence of the 

reciprocal ” phenomenon of inhibitory relaxation during compound stimula¬ 
tion, That is to say, where the linear relationship (and particularly the 
constancy of sum relationship) occurs in a series of compound reflexes, the 
“ reciprocal ” relationship may fail in part of that series. Where it fails, there 
is no inhibitory lengthening in one or other of the antagonistic muscles, but 
nevertheless the sums of the compound shortenings in these muscles are 
constant, I'o this extent it would therefore appear that the linear relationship 
between compound remainders is a more fundamental reflex phenomenon than 
the reciprocal relationship between shortening in one muscle and inhibitory 
lengthening in its antagonist. 

The “ reciprocal ” relationship has chiefly been investigated in the case of 
the extensor muscle, i.c., in the case of inhibitory relaxation (lengthening) of 
extensor tone or of extensor shortening in an extension reflex. The example 
(fig. 3) selected in this paper to illustrate an instance in which constancy of sum 
relationship obtained where there was no extensor lengthening in the compound 
reflex, is from an experiment in which it was possible to secure comparatively 
fine gradation in the series of simple extension-reflexes used against a graded 
series of simple flexion reflexes. In nearly every case in which this has been 
possible results approximating to those figured in this paper have been obtained. 
A peculiarity of the figure is that at the right-hand side of the graph—where both 
simple reflexes are of small magnitude~the extensor shortening in the compound 
reflex rises rapidly to a maximum. In this part of the curve there is inconstancy 
of sum accompanying ascending magnitudes of compound extensor shortening. 
The conditions for this type of result appear to occur where extensor tone is of 
small magnitude. If extensor tone is of large magnitude fine gradation of the 
simple extension-reflexes appears to be difficult to obtain. Under such con¬ 
ditions (not figured or de^ribed in this paper) the course of compound extensor 
shortening is different. At the right-hand side of the graph, where both of the 
antagonistic stimuli are of low intensity, subliminal flexion-producing stimuli 
give inhibitory lengthening of extensor tone; and this inhibitory lengthening 
increases in magnitude (and the resultant remainder of shortening decreases) 
os the intensity of the subliminal flexion-producing stimulus is increased up 
to and beyond the threshold of simple flexor shortening. As neither in the 
simple nor in the compound reflex does the flexor exhibit shorfc^ning, the 
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remainder of extensor shortening is the only component in any sum relationship. 
In consequence, the sum of remaining shortenings progressively decreases. 
But at a certain point, where compound flexor shortening has appeared, con^ 
stancy of sum of the two remainders occurs and is approximately retained. 

It looks as if the result in either case is the attainment of constancy of sum of 
remaining reflex shortenings in the two antagonistic musclos ; but that in ontj 
case (where initial extensor tone is low) this result is first attained (as the anta¬ 
gonistic reflex stimuli are progressively increased) by the augmentation in the 
shortening of the extensor muscle during compound stimulation; and that in 
the other case (where initial extensor tone is high) the same result is attained by 
inhibitory lengthening of the extensor in the compound reflex. If this is the 
case, the “ reciprocal phenomenon occurs where the initial tone is high, and 
is absent where it is low. In other words, the reciprocal ” phenomenon of 
inhibitory relaxation is only one of the two manners in which a possibly funda¬ 
mental constancy of sum relationship is attained. The other manner is 
** irreciprocal ’’—augmentation of shortening in oiui or other of the antagonistic 
muscles during comtK)und stimulation. 

Summary, 

1. Where two antagonistic reflex stimuli are applied concurrently, the 
remaining shortenings of two antagonistic muscles during compound stimulation 
are related to each other. 

2. This relation is such that in many cases where one or both of the reflex 
stimuli are varied in intensity, the sum of the remaining shortenings in 
the two antagonistic muscles (each measured as a ratio to maximal reflex 
shortening) is constant. 

3. In other instances this constancy fails, but a scries of sums bears an 
approximate relationship of linearity to the magnitudes of the simple reflex 
shortenings evoked by the series of graded reflex stimuli which are used in th(! 
experiment. The most general statement of this reUitionship of sum is as 
follows: The sum of the proportional remaining shortenings in two anta¬ 
gonistic muscles, Y, is linearly related to th(s simple reflex shortening, X, evoked 
at each intensity of the series of graded reflex stimuli used in a series of com¬ 
pound reflexes, i.c., Y -- AX + B, where A and B are constants. 

4. This relationship of the remaining shortenings in two antagonistic muscles 
during compound reflex stimulation appears to be a more fundamental one than 
the reciprocal reflex relationship between shortening in one muscle and 
inhibitory lengthening (relaxation) in its antagonist. 
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6. Notwithstanding the generality of these conclusions, exceptions to the 
linear relationship occur. 

The expenses of this research were defrayed in part by grants from the 
Government Grants Committee of the Royal Society and from the Medical 
Research Council. 


Experiments on the Physiology and Genetics of the Smut Fimgi .— 

Seedling InfectionJ^ 

By Sydney Dickinson, 

(Communicated by Sir John Russell, F.R.S.—Received July 29, 1927.) 

(From the Deiiartiuent of Mycology, Rothamsted Experimental Station, Harjxjnden, 

Herts.) 


Introdnctio7i, 

In a previous pajior (1) the behaviour, on conjugation, of certain cultures of 
smuts was described. The origin of these cultures was as follows :—By means 
of the Dickinson Isolator (2) the first formed sporidium, arising from each of 
th(* four segments of the promycelium of a germinating smut chlamydospore 
(obtained from the infected ears of a known race of oats or barley) was isolated. 
Of tile four cultures growti from the isolated sporidia of a. single chlamydospore, 
two were found in every case to be of one gender (sox), and two of another 
gender. This gender distinction was determined by observing the behaviour 
of tlui hypha3 at the meeting of two colonies; when the colonies were of different 
gender, the opposing liyphap fused, whereas when the colonies were of the same 
geiKler th(% opposing hyphaa did not fuse. IJp to the time of such conjugation 
the cells of the mycelium, hyphal or conidial according to the conditions, were 
found to be uniuuchjate. On the conjugation of two hyphas a migration 
occurred of the nucleus and contents from one hypha into the other. Then 
followed the growth of a hypha called the ** fusion-hypha,” containing the 
two associated mioloi. Under certain conditions it was shown that the fusion- 
hypha gave off uninucleate hyphee and conidia at either end, which resembled 

♦ This work was carried out with the aid of a grant from the Ministry dE Agriculture 
and Fisheries. 
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the original (pre-conjugation) hyphee in gender* The further history of the 
fusion-hypha will be described in a later paper. In the present paper experi¬ 
ments are described, in which various combinations of the above-mentioned 
genders are used in the inoculation of seedling plants. 

Technique. 

The seeds used were dehusked by hand, sterilisexl by steeping in formalde¬ 
hyde, 1 : 320, for 4 hours, dried over night and germinated in sterile petri dishes. 
When the coleoptiles were about 5-10 mm. long, the seedlings were picked out 
with steriki forceps and laid on wet sand in earthenware dishes with covers. 

The seedlings were inoculated after transference to the earthenware dishes. 
The inoculum was taken from tube cultures, a week to 10 days old, which were 
growing on 1 per cent. Lemco beef-extract agar. 

The process of inoculation consisted in taking a small piece of mycelium from 
the edge of a culture and rn])bing it over the surface of a coleoptile with a 
sterile platinum needle. The coleoptile was then moistened with sterile dis¬ 
tilled water. If a second gender, either the same or different, was to be used 
in the inoculation, the whole process was rej)eated, the essential point being that 
the inoculum was not allowed to dry. Experiments were made using wound 
infection, and injection with a hypodermic syringe, but as these methods gave 
no better results, they were given up in favour of the simpler process. 

Seedlings, two days after treatment, wore stained in lactophenol and cotton 
blue. They wore then slit into strips with a mounted needle and examined 
under a Leitz 2/3 objective followed by a Lcitz 1/6 objective and a 10 X eye¬ 
piece, Each seedling was examined separately, and where no infection had 
occurred the smut hyph® and conidia were seen to bo growing superficially 
over the epidermis, while where infection had taken place the hyphee could be 
traced from the surface through the epidermis and into the underlying tissues 
of the seidling. 

Results and Conclusiom. 

Table I shows the total number of oat seedlings which were examined in the 
course ^ a number of experiments extending over a period of months. The 
letters refer to the gender of the inoculum used, viz., the first column shows the 
results with one “ A gender inoculation, the second column refers to double 
inoculations using “ A ” gender, the third and fourth columns show these 
experiments repeated with inoculum of “ B *’ gender, while the fifth column 
refers to double inoculations using A ’* gender followed by **’ B gender or 
fdoe verm. 
von. cn.—n. 
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Table I.—Oat seedlings inoculated with culttires of the fi^e and different 

genders. 


Gender of iuoculum. 

1 

A. 

1 

AA. 

B. 

BB, 

AB. 

i 

Control, 

uninoculated. 

Number of seedliegs examined . 

76 

24 

66 

25 

204 

96 

Number of seedlinge found umufected 

76 

24 

56 

26 

18 

95 

Number of seedlings found infected . 

0 

0 

0 

0 

186 

0 

Peroentag^Vf infection ..j 

0 

0 

0 

0 

91 

0 


It will be seen that in no case out of 180 seedlings examined was any infection 
obtained with one geudcar only, but that where tw^o different genders were 
present, 91 per cent, infection was obtained. The controls remaincxl uninfected 
throughout. It was found that in any experiment in which infection occurred, 
the percentage of diseased plants was high, but that there were experiments in 
which, under apparently similar conditions, no infection was obtained. These 
aberrant results cannot yet be explained, and are at present a subject of 
investigation. 

Another result of interest was that, provided two genders were present, 
infection occurred, whether the two genders were of the same species, viz., 
Vstilago lev^^s, or of two different species, viz., Ustilago levi^ and VstUago Jmdei. 
It was, how^ever, found that pure oat smut would not infect barley seedlii^, 
and that pure barley smut would not infect oat seedlings. In addition, while 
at present the cytological evidence is not complete, there is every indication 
that the hyphao which infect are ** fusion-hypho).” 

1 wish to thank Dr, Wm, B. Brierley for the interest he has taken in this 
work, and for the facilities provided. 

Smmmry. 

Experiments are described which show that no infection of oat or barley 
seedlings by pure cultures of smut fungi occurs when one gender (sex) is present, 
but when, under similar conditions, two genders are present, 90 pet cent, 
infection and over is obtained. 
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Cboonian limxvKR’,— Organizers in Animal Devdojment. 
By Hans Spemann, Professor of Zoology, Freibiitg i. B. 

(Lecture delivered November 3,1927,; 


I.— IfUtodnjusiion. 

One of the most remarkable features of the phenomena of life is their uni¬ 
formity in the most unlike living forms. This fact enables us to choose for our 
researches such forms as will be, for one reason or another, the most suitable 
for observation or experiment. The results thus reached mujsrt, however, by 
no means be generalized without further proof; but again and again observa¬ 
tions made on favourable subjects have been confirmed by further study in 
less favourable ones. The fertilization of the egg, for instance, was observed 
first in the eggs of the sea-urchin, that is, in a species as unlike as possible to any 
higher animal; yet it has been shown since that fertilization goes on in the 
same way in all animals. The beginnings of a human individual do not differ 
essentially from those of an echinoderm. 

I hardly suppose that many of you have up to the present taken any particular 
interest in the early development of the common newt, my only subject of 
research for the greater part of my life; I hardly think it is to such interest that 
I owe the honour of delivering this lecture. I imagine it was rather the con¬ 
viction that the laws of development established for this low vertebrate hold 
true for all vertebrates, nay, for all animals; that development even of man 
follows the same principles. But for the same reason I dare not presume that 
all of you have present in 3 rour mind the first steps of development of the newt’s 
egg. It will, therefore, be my first task to recall them to your memory. 

(a) Scheme of Normal Development of the Triton Egg ,—^ITrom the fertilized egg, 
morphologically a single cell, there arises by typical cell-divisions the blastuta, 
ocmtaining a cavity, the Uastocod, formed by cells of very different size, shape 
and quality. The thick floor of blastula is composed of the large yoflc- 
laden vegetative cells; its thin roof is formed by the much smaller animal odls, 
wif^b Htide yolk; ike oeUs between both of them are middle-sized, forming the 
s0-O|Mfod marginal zone. 

Jfo a predeteateined point a little below this zone an invagination takes place, 
gimring deeper and deeper and advancing to both aides; this is the Ma^oporet 
the bk0topare4ip$. By this invagination the whole material of the floor 
a^ the mar^nid zone of the blaetula is turned inside, forming the orc^enferon. 
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Ita cavity, still cotnmunicating with the blastopore, widens in front, whilst at 
the same time the original cavity of the blaatula is reduced to a mere slit. This 
stage of development is known as the gastrula, and the process of invagination 
by which it is reached is called gastrulation. 

The oelHayer derived from the animal cells of the blastula is called the outer 
germ layer or ectoderm ; it gives origin to the epidermis and the whole nervous 
system. The floor of the arohenteron, the enioderm, formed by the large yolk 
cells of the blastula, is the rudiment of the intestine ; in this early stage it is 
not yet a closed tube, but an open furrow, its sides bending upwards without 
closing together. The opening of the furrow is covered by a plate of middle- 
sised cells, called the mesoderm. They are derived from the cells of the mar¬ 
ginal zone, and form, as it were, the roof of the open arohenteron. Out of this 
mesodermal plate are formed primarily muscles and skeleton, kidneys and 
peritoneum. 

Now, to conclude this description, a few words about the origin of the central 
nervous system. The ectoderm in front of the blastopore, on the dorsal side 
of the gastrula, thickens to form the medullary plate, broad in front, narrower 
at the hinder end, surrounded by the medullary folds. This plate changes 
first into a furrow, then into a tube, covered by the surrounding epidermis. 
It is the medullary tube, the rudiment of the brain and spinal cord from the 
fore-end of this tube the rudiments of the eyes are pushed out, the so-called 
primary eyeballs; a little farther back the ear-vesicles are formed, the 
rudiments of the labyrinth. 

{b) Dedudion of the> Problem of Determimtion, —From the facts of normal 
development thus outlined may be derived the problem with which our experi¬ 
ments were dealing. By an ingenious method worked out by W. Vogt, we may 
mark a definite part of the young gastrula by staining it intra vitam with nile- 
blue, and may follow it through development. It may thus be subsequently 
identified, for instance, in the medullary plate and later on in the primary eye- 
bolL This part of the gastrula would then have been presumptive meduUary 
plate” presumptive primary eyeball” Another part farther away from the 
blastopore would prove to be presumptive epidermis. 

Now the question arises : when will these parts of the gastrula he determirnd 
to differentiate either to medullary plate or to epidermis ? Are these otg^ 
perhaps already determined at the beginning of gastrulation ? Further devdpp- 
ment would then be self-differentiation, according to Boux. Or will they be 
determined later on, perhaps during gastrulation ? 
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IL —SxperimmUal Dedudtion of the Conception of “ Organizer,'* 

(a) Ewdhange of Presumptive Medullary Plate and Epidermis, —This alternative 
may be decided by a simple experiment. Between two embryos of the same 
age, young gastrula stage, little pieces of presumptive medullary plate and pre¬ 
sumptive epidermis are exchanged. Using embryos of different colour, either 
natural or stained, we may identify the transplanted pieces for many days and 
follow them in their development. As the pieces have been exchanged, each 
of them serves as a mark for the original place of the other piece, showing exactly 
what it would have become. 

In fact, each piece develops not according to its origin, but according to the 
new place it occupies, presumptive medullary plate becoming epidermis in 
epidermis, presumptive epidermis becoming medullary plate in medullary plate. 
Hence it may be concluded :— 

(1) That presumptive medullary plate and epidermis are relatively indifferent 

at the beginning of gastrulation. 

(2) That there is some factor acting in the new place that determines the 
definite fate of the transplanted pieces. 

Small pieces of the young embryo may be exchanged as well between different 
species, t.«., heteroplastically. A very favourable combination is that of 
Triton cristatus and Triton twniatus or alpestris^ the eggs of the former being 
almost free from pigment, whilst those of the latter are much darker, especially 
those of alpestris, and densely laden with minute pigment granules. 

In this way from a young gastnila of twniatus a piece of presumptive medullary 
plate was taken, from a gastnila of the same age of cristatus a piece of presumptive 
epidermis ; these pieces were exchanged. Both embryos developed normally. 
In the tasniatus after two days the white implanted piece of cristatus was seen 
in the medidlary plate, fore end left side. Later on, when the folds had closed 
and the brain with the eyeballs was formed, the light piece was still visible 
shining through the akin. On sections through the head it is found in the 
brain and primary eyeball of the left side forming part of their wall. It is 
somewhat thicker than its surroundings, its cells are larger and free from pig¬ 
ment. It had been presumptive epidermis of cristatm and has formed a piece 
pt brain, but brain of cristatus^ amidst the brain of twniatus. The embryo of 
from which this piece had been taken, showed the implanted piece 
of on the right side in ihe skin, in the region of thfe gill rudiments. 

Though presumptive brain, it had become epidermis, amidst the epidermis of 
the host; but epidermis of taniatm according to its origin, witii all its 
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tendencies of growth. This could be seen by the form of the gills, which was 
that of The gills were further developed on the operated side ; 

they contained rudiments of blood vessels of which nothing was to be seen on 
the other side. 

(6) Ectoderm and Mesoderm By the same method 0. Mangold 

examined the potencies of ectoderm and mesoderm, exchanging pieces of them 
at the beginniug of gastrulation. He found that a piece of presumptive 
ectoderm transplanted in the region of the blastopore may be invaginated with 
the surrounding material and give rise to mesodermal organs such as notochord, 
somites, kidneys. 

(c) The Cenite of Organizaiion,-- Not all parts of the embryo arc as plastic 
as this, A piece taken from the upper lip of the blastopore and transplanted 
into an indifferent region of another gastrula behaves in a totally different way. 
It does not adapt itself to the development of its surroundings, but sticks to 
its own way and forces the surrounding parts to follow its own direction. There 
arises a second embryo composed partly of the transplanted material, partly 
of cells of the host that have been induced to adapt themselves to the 
development of those ruling cells. 

This experiment was made for the first time on my suggestion by Hilde Man* 
gold. In the moat instructive case which she obtained, a secondary embryo 
was formed with a medullary tube bearing ear-vesicles on its fore end, with 
notochord and two rows of somites. It was composed of cells of cristatiis 
derived from the implanted piece, and cells of icBni^Uus^ the host, that had adapted 
themselves to their development. The boundaries of the implanted piece, 
though very sharp and clear, were not respected by the general form. 

Such a transplanted piece “ organizes '' its new surroundings; I therefore 
call it an organizer.'* It induces a “ field of organization/* The region of 
the early gastrula where these organizers lie may be called for the present a 

centre of organization,** 

III .—Experimental Aml^sie of the Function of the Organizer, 

{a) EsdetU of the Centre of Organization ,—This point being reached we pro¬ 
ceeded to a methodical analysis of the organizing faculty. The next question 
presenting itself was that of the extent of the centre of organization. After 
some preliminary experiments by Otto and Hilda Mangold, this question has 
been definitely settled by H. Bautzmann. He examined the surroundings ci 
the beginning blastopore by transplanting small trial-pieces into the blastoccel 
of another gastrula. By gastrulation these pieces are brought under the 
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ectoderm and may show their power of induction* The region of the gastrula so 
determined as centre of organization occupies a semicircular area above and 
beside the upper lip of the blastopore. This area coincides with that part of 
the gastrula which had been shown by W. Vogt to invaginate during gastrulation 
and form notochord and mesoderm. 

This result is in harmony with a statement made by another student of mine, 
A* Marx, that a medullary plate may be induced by a piece of the roof of the 
archenteron, that is, of the material for notochord and mesoderm. The experi¬ 
ments of Eautzmann show, in addition, that these cells have this power even 
before gastrulation, and may not only induce medullary plate in the overl 3 ring 
ectoderm, but also mesodermal organs in their new environment. 

(6) Origin of the CerUre of Organization. —the young gastrula the centre of 
organization is already determined; when does it originate ? Probably very 
early in development, together with that shifting of material of the unsegmented 
egg that follows fertilization and produces the well-known “ grey crescent,’^ 
that area of the egg where later on invagination begins. The facts which point 
in this direction are the following : If in the 2-cell stage the dorsal blastomere 
is eliminated, that is, that part of the egg which contains the grey crescent, 
the ventral blastomere, though going on developing, and even gastrulating, 
forms no axial organs, that is, no medullary plate, notochord, somites. The 
same holds true for the case in which the dorsal half of the unsegmented egg has 
been cut off. 

An older experiment of M. Moszkowski teaches the same thing still more 
conclusively. In the unsegmented egg the grey crescent was destroyed by 
puncture with a hot needle; the egg developed ; it even gastrulated, but 
fonned no axial organs. The crucial evidence would be induction of a medullary 
plate by a transplanted piece of the grey crescent. Such a piece when contain¬ 
ing a supernumerary spermatozoon develops in the blastocoel. This experi¬ 
ment has been performed by me many times, but has not yet yielded a clear 
and positive result. 

(c) Intimode Struoture of the Centre of Organization. —Several facts are known 
oonceming the intimate structure of the centre of organization* 

Longitudinal StriM:ture. —It is a significant fact that the secondary embryo 
need not have the same orientation as the primary. If it had, this would 
have pointed to some intimate structure of the host, in accord, perhaps, with 
Child’s idea of gradients. Now such gradients may exist in the host and may 
be effective; there are reasons to believe it. Yet their influence is surely not 
decisive. The induced secondary embryo may even lie at right angles to the 
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primary one. This is most striking when ear-vesicles are formed ; they lie 
sjmiinetrically to the right and left of the secondary medullary tube to which 
they are attached, but in relation to the host one behind the other. TherefcMPe 
the organizer miist have some longitudinal structure, which is not lost by 
transplantation and which determines the direction of its invagination and 
consequently of the induction. To clear up this question, organizers of oblong 
shape should be implanted in definite directions. Such experiments have been 
begun by Dr. Geinitz some years ago and have now been taken up by myself. 

Laterality. —There must also be some medio-lateral structure of the centre, 

laterality,” to use Streeter^ term. This may be concluded from experiments 
carried out quite recently by W. Vogt and K. Gorttler, the knowledge of which 
J owe to the kindness of the authors. W. Vogt experimenting on Triton retarded 
the development in limited parts of the egg, either by localized lack of oxygen 
or localized cooling. For the latter purpose a piece of thin silver-plate was 
perforated by a hole, just large enough to hold a salamander’s egg, deprived of 
its shell. The plate was fixed in a chamber, dividing it in two parts, in which 
w^ater of different temperatures was circulating. The communication between 
the two parts was then closed by a salamander’s egg, as by a cork. In conse¬ 
quence the two halves of the egg developed at very different rate ; an embryo 
was produced that was composed of two halves of very different age,” with a 
perfectly sharp limit between them. For example, in one case, where the limit 
was transverse, there resulted an embryo with a rather long tail, but instead of 
a brain it had only a medullary plate. 

Of greater interest for the question we are dealing with are such cases where 
the limit is median, dividing two lateral halves of very different age. From 
this Vogt concludes that the two halves developed independently from each other, 
as Roux had concluded from his classical experiments on half embryos. Vogt 
further concludes that this development is based on laterality of the two halves 
already existent in the 2-cell stage. 

By a strange coincidence Prof. Julian Huxley had been performing similar 
experiments at about the same time, which have just been published in the last 
few days in the jubilee volume for Hans Driesch. His method differed from 
that of Vogt in that the gradients of temperature be applied were much less 
abrupt, 60 that his embryos did not show such a sharp limit between the two 
halves. 

K. Gorttler cut out a lateral piece of the upper Up of the blastopore and 
replaced it by the corresponding piece of the other aide of anothw embryo, 
so that the gastrula went on developing with two left Ups. Then two 
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left balv€» of the medullary plate were formed, with two left medullary folds* 
The left half of the lip, as we must conclude, had some intimate structure that 
made it “ left ; that is, it had laterality* 

This experiment of 65rttler reaches farther than that of Vogt* From the 
results of Vogt a half-structure could only be inferred for the embryo as a 
whole, whilst the results of Qorttler prove a half-structure more especially for the 
centre of organization, that is, of the presumptive mesoderm, which is invagi- 
nated during gastrulation and induces the medullary plate. The ectoderm of 
which the latter ia formed, the presumptive medullary plate, may have had a 
similar structure ; but this very fact would show the dominance of the organizing 
cells which can reverse the laterality of the induced material. 

Begional Structure .—There are some facts that indicate yet another kind of 
structure of the centre of organization. This might be called a regioruil struc¬ 
ture^ as it determines the regions both of the mesoderm and of the medullary 
plate induced by it. 

In the first perfect case of induction described by Hilde Mangold the ear- 
vesicles lay at the tip of the medullary tube; which means that the greater 
part of the brain with the eyeballs was lacking. Now I produced an isolated 
brain, with well-developed eyeballs in front and two ear-vesicles at the tip of 
the free posterior end. These different results may be caused by a difference 
in the inducing organizers, which might have been taken from different regions 
of the organizing centre. That mesodermal material which would come to lie 
under the anterior part of the medullary plate, would induce the brain; the 
material underlying the posterior part of the plate would induce the spinal 
cord. 

In order to test this a piece of the upper lip may be excised at different stages 
of gastrulation and transplanted to the same region of another gastrula. As 
the mesoderm is wandering round the upper lip, the material passing it first 
will be brought to the anterior end and lie under the brain, whilst the material 
invaginated later will occupy the more posterior parts of the embryo lying 
under the spinal cord. 

This experiment has been performed by me this summer. It proved that 
lie centre of organization really has some regional structure, but at the same 
time it showed that the question is more complicated* The organizer may 
induce more than it ought to do; it has the tendency to build up a whole, 
behaving in this like a harmonious equipotential system of Driesch. And, 
lurther, it seems to make a difference according to the region of the host into 
which the organizer ia implanted. Therefore the experiment must be varied 
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still in another sense; es differe}U organizers have been transplanted to the 
same plaoe, so the same organizers must be transplanted to differe^U places. I 
have made this experiment, too, last summer; it yielded the result just 
stated. 

(d) Nature of the Inducing Agent, —Of still greater interest than extent, origin 
and structure of the organizing centre, is the nature of its action; but obviously 
here our knowledge is very scanty. On the one hand, it may be said that this 
action cannot be of quite indifierent nature, e.g.^ contact-action; for a piece 
of presumptive epidermis does not act in the same way. The stimtdus must bo 
specific to a certain degree. On the other hand, the stimulus is clearly not specific 
within nmrow limits. This is shown by experiments of B. Geinitz. He found 
that induction may take place between an organizer of a frog, or toad, and a 
newt; that is, not only between embryos of different species or genus, but even 
of different order. 

So far we know hardly anything about the most elementary question, whether 
induction is performed by chemical or by dynamical means. If the latter 
were true, only the living organizer could be supposed to induce ; whilst morpho¬ 
genetic substances might remain effective even after destruction of the cells. 
This shows the way this problem may be attacked. 

In this connection I wish to mention two facts of a very promising character 
stated quite recently. One of them has been found quite independently by 
Oi Mangold and myself in 1926 ; it might be called homoiogenetic induction ’’ 
or ‘‘ OHsimilating indudion'' We transplanted a piece of medullary plate into 
the blastocoel of a gastrula in order to bring it under the epidermis from the very 
first. In this way we made the surprising discovery that medullary plate may 
induce its like, that is, medullary plate. Mangold transplanted heteroplaeticaUy; 
I did so with stained material. We followed the whole development in the living 
object and on sections of preserved material, so we are quite sure of the fact 
itself. To explain it, we may suppose that the inducing agent may be given off 
again by the medullary plate which it had formed, to induce in indifferent 
material a new medullary plate. 

Last summer, Mangold made the further discovery, not less important, that 
this agent is retained in the medullary substance for a surprisingly long time. 
A piece of the brain of a free-swimming larva may still induce a medullary plate. 
This fact seems to involve the chemical nature of the inducing stimulus. The 
case is similar to another known for many years, the regeneration of the lens 
of Triton from the upper margin of the iris, as discovered by Colucci and 
Wolff. According to the experiments of H. Wachs the lens regenerates under 
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an inducing influence of tke retina, the same part of the eye that induces the lens 
during the normal development. It must have retained this faculty which was 
needed during only a short time. 

This seems to be of more general occurrence. Last summer, H. Bautzmann 
found something very similar. A piece of the very young notochord cut out 
of a neurula and transplanted into the blastocoel induced in the ectoderm a 
medullary plate. The notochord must have retained this faculty which had 
become active a long time before, when inducing the original medullary plate 
of the neurula. 


IV.— The R6le of the Organimig Faculty in Nannal Development, 

What role does this organizing faculty play in normal development ? It 
has been shown by numerous experiments that the rudiment of the eye, the eye¬ 
ball, may induce the formation of a leas in strange epidermis. It is very 
probable, therefore, that the eyeball exerts the same influence in normal develop¬ 
ment. The eyeball may therefore be called the organizer of the lens. Now an 
eyeball may be produced experimentally from such material as in normal 
development would have become epidermis, material that was transplanted 
to its new place and had thus been induced to form an eyeball. It is again 
very probable that in normal development the material of the eyeball is deter¬ 
mined in the same way, by an inducing influence of the underlying mesoderm. 
Induced itself, it goes on inducing ; so it may bo called an organizer of secotid 
grade. 

Another organizer, of second grade, B. Geinitz and I have produced by the 
following experiment. As I said before, 0. Mangold has produced mesoderm 
out of presumptive ectoderm by transplanting presumptive epidermis of a 
young gastnila among presumptive mesoderm of another gastrula. This 
transplanted piece took part in the invagination and the further development of 
its new surroundings, where it formed notochord, somites, kidneys. B, Geinitz 
lUid I repeated this experiment with the same effect. Now Marx had shown, as 
I said before, that mesoderm may induce medullary plate. This experiment, 
too, has been repeated many times with the same result. 

The question arises whether this inducing faculty of the mesoderm is acquired 
even by a piece of ectoderm that has been turned (experimentally) into meso¬ 
derm. To test this we combined the two experiments; that is, we forced pre¬ 
sumptive ectoderm by transplantation to become mesoderm, took it out again 
some time after invagination and transplanted it afresh into the blastocoel 
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of a young gastrula. In this way it was brought imder the ej^ermis^ where». 
in fact, it indnoed a highly perfect medullary plate. 

In this experiment, as in the former, two processes of development, each of 
which had been determined by induction, were linked together. It seems to 
be not improbable that the whole development, at least of the amphibian embryo, 
is composed of single processes connected by organizers. The special mode of 
combination would have to be stated in the separate concrete cases ; but in 
principle the old problem would be solved strictly according to the theory 
of epigenesis. 

But as a matter of fact matters arc much more complicated. About this 
let me add a few words in conclusion. 

The experience gained by studying the development of the lens should make 
us cautious. There, as we have seen, the eyeball may induce a lens in foreign 
epidermis; but other experiments showed, with not less evidence, that the 
normal lens cells may also develop independently, forming a lens without an eye¬ 
ball In one subject at least (Ram escidmta, the water frog), both faculties have 
l>een shown conclusively to coexist, though either by itself would seem sufficient 
to warrant normal development. Rhumbler named this what engineers call 
“ double assurance,*’ and Braus adopted this term for a very clear similar case 
he had discovered. 

The first rudiments of organs might be determined in the same way ; that is, 
the ectodermal material which is going to form the medullary plate might come 
to meet the inducing action which the underlying mesoderm exerts ; this might 
even go so far that the material would form a plate without mesoderm. K. 
GSrttler, examining this question during the last few years, has recently attained 
a clear positive result. I will only quote his last experiment which I consider 
to be the most conclusive and important. Presumptive medullary piate of 
a young gastrula was transplanted into the epidermis of a neurula; that is, of 
a somewhat older stage. There it developed sometimes in accordance with 
its new place, that is, to epidermis instead of medullary plate, as I had always 
observed after transplantation into a host of the same age; but sometimes it 
formed medullary plate in accordance with its origin. 

This difierenoe in behaviour Gorttler believes to be caused by different orienta*- 
tion of the implanted piece. It develops according to its original destiny, if 
the intended movements of cells be not hindered by the new environment* 
There is a shifting of cells connected with development both in the implanted' 
piece and in its new surrouxidii^. If they are in harmony, the piece will 
follow its original intention and form medullary plate; if both interfere, it gets. 
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disturbed, as it were, and will follow the development of its new surroundings. 
This would show that even at the beginning of gastrulation a certain region is 
determined* though not irrevocably, to form medullary plate; mesoderm is 
then invaginated and pushed under it and acts in the same sense. How this 
harmony arises, that is the great question, and new experiments alone can 
answer it. 

V.— Summary, 

To summarize: The conception of organizers in development has been 
derived from experiments on amphibian embryos in the earliest stages. The 
different regions of such an embryo have not the same value for development; 
most of them are relatively indifferent and do not carry their destiny wholly 
within themselves. This can be shown by transplantation of these parts into 
other regions of the embryo ; they may follow the development of their new sur¬ 
roundings. But there is a certain region in the embryo, parts of which behave 
in an entirely different vray. Transplanted into a more indifferent region of 
the embryo they do not adapt themselves to their new aurroimdings, but retain 
their own character, and force the others to follow them. Such pieces “ organize*’ 
a new embryo, which is built up partly by the transplanted cells, partly by the 
cells of the host, f’or that reason they were called organizers,” while the 
region where they lie in those early stages of development was called the 

centre of organization.” 

Further experiments were directed to determine the extent of this centre, 
its origin, its intimate structure and the nature of the organizing influence. 
The organizing centre coincides with the presumptive mesoderm ; transplanted 
pieces taken from this region not only induce medullary plate, but also deter¬ 
mine their new mesodermal neighbourhood to form notochord and somites. 
This centre seems to be foreshadowed by the grey crescent; defect of grey 
crescent prevents formation of axial organs. The cells of the centre must 
have some longitudinal structure which determines, at least partly, the direction 
of invagination and the orientation of the secondary embryo. There may be a 
corresponding structure in the ectoderm, but it is less effective. The same holds 
true for a regional structure which determines the regions of the medulla. 
All these proooBses obey the principle of “ double assurance.” The means of 
induction seem to be rather material than dynamical. 

What has been achieved is but the first step ; we still stand in the presence of 
riddles, but not without hope of solving them. And riddles with the hope of 
solution—what more can a man of science desire ? 
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Introduction, 

The significance of mitochondria in plant cells is a subject to which a great 
deal of attention has been paid in past years, and from the studies of many 
cytologists it has become apparent that these bodies are fundamentally con^ 
cerned in the formation of many different substances in the cell. Fat droplets, 
anthocyanins, essential oils (28) and protein grains may all be quoted as 
examples of such substances (Cowdry, 5). Starch and other plastid products 
also appear to owe their origin indirectly to mitochondria ; for it has been shown 
by various observers that plastids are in reality enlarged and transformed 
mitochondria, which take on the varying functions of the production of starch, 
chlorophyll, anthocyanins, fat, etc., according to whether they become 
amyloplasts, chloroplasts, chromoplasts, elaioplasts or other such protoplasmic 
structures. It seems, moreover, that these substances are originally formed 
within the mitochondria, which later enlarge to form the body of the plastids 
^Cowdry, 6). 

A suggested explanation of this productive activity of mitochondria is formd 
in the eclectosome theory of Begaud (32), according to which mitochoudria 
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play the r61e of plasta, selecting materials from the cytoplasm, and fabricating 
them in their interior into various products. More in accord with known 
physicochemical processes, however, is the now generally accepted interpretation 
recently expressed by Cowdry (7), wherein the phase-boundary of the mito¬ 
chondria and the surrounding cytoplasm is regarded as the seat of processes of 
elaboration, beginning with adsorption of the molecules of certain solutes, and 
ending with a series of chemical or physical interactions between the mito¬ 
chondrial material and the incoming substances—such interactions leading to 
the building up of new compounds of widely different character. 

Further light is thrown upon the mechanism of this synthetic activity by 
the recent development of an enzymatic concept of mitochondrial behaviour, 
a development mainly due to the writings of Marston and of Robertson in the 
University of Adelaide. Marston (26) concludes on the basis of their reactions 
to azine dyes that mitochondria contain proteolytic enz 3 nne 8 ; and, considering 
the rapidity with which synthetic processes take place in livir^ tissues (26), he 
develops the conception of mitochondria as the site of enzymatic syntheses 
in the cell, the water-poor phases which exist at the surface of the lipoidal 
constituents of the mitochondria providing suitable conditions for synthetic 
activity. 

An interesting suggestion has been added to this conception by Robertson (34), 
who points out that the lipoid constituents of the mitochondria would cause 
contained molecules to be orientated at the surface in such a manner that the 
reactive groups (for example, the carboxyl and a-amino groups of amino-acids) 
would point towards the external aqueous phase, and so be effectively con¬ 
centrated at the phase-boundary of mitochondrium and cytoplasm. In the 
light of de Nouy and Cowdry's conclusion that the mitochondrial substance is 
arranged in such a way as to give a surface film of maximum extent with 
minimum amount of material (27), such a local concentration would furnish 
an explanation of the facility with which ejxzymatic syntheses take place at 
the surface of these bodies in the cell. Marston’s assertion that proteolytic 
em53rmea are concentrated within the mitochondria makes it appear that herein 
lie practically ideal conditions for the synthesis of proteins. Marston has, 
moreover, added considerable support to this conclusion by showing in vitro 
that the presence of colloidal lipoid emulsions greatly increases the reaction 
velocity of the synthesis of protein from its tryptic digestion products. The 
evidence is therefore strong in favour of the enzymatic synthesis of proteins 
takmg place at the mitochondria-cytoplasmic interface. 

And, if this is so in the case of protems, might not enzymes, situated in the 
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tmtochondria and acting at their surface, perhaps be concerned in, and explain 
the synthesis of, many other substances which, as we have seen, appear to owe 
their origin to these cell-bodies ? The synthesis of starch, the synthesis of 
fat, etc., might conceivably be the result of amylase, lipase, and other enzymes 
being contained in mitochondria or the derived plastids ; and the confinnation 
of such a suggestion would complete the conception of the mitochondria as 
the seat of all constructive activity in the cell. 

It is not, however, in synthesis only that enzymes are agents in cell- 
metabolism : processes of hydrolysis and digestion are also activated by enzymes, 
and it is a potent fact that mitochondria have been shown to be concerned in 
these cases likewise. For Regaud and Mawas (33) believe that the zymogen 
granules which are secreted from the salivary glands, and are regarded as a 
kind of resting state of the enz 3 me, arise from mitochondria ; while in the case 
of the cells of the pancreas it has been observed that the mitochondria break 
down to form the zymogen granules which are passed into the acini, thus 
indicating that the mitochondria are the source of the tryptic secretion (Arnold, 
1 ; Homing, 16). In the process of intracellular digestion in Paraiimcium 
and in Nyctothenis it has been shown that mitochondria come to be included 
in the food vacuoles, suggesting that subsequently the mitochondria give rise 
to the enzymes concerned in the digestive activity (Horning, 17,19). Observa¬ 
tions have been made also on the relation of mitochondria to the process of 
intracellular digestion in living amosbae (Horning, 18). The engulfed food at 
first circulates in the protoplasm, at the same time coming into contact with 
mitochondria, which then adhere to it. Subsequently a vacuole forms round 
the food particle with its associated mitochondria, after which the latter pass 
into solution and disappear, and the food undergoes disintegration. It is thus 
again concluded that the mitochondria are concerned with the production of 
the enzymes which bring about the digestion of the engulfed food materials. 

Without entering upon a consideration of the factors governing the reversal 
of the direction of enzyme-controlled reactions, it appears then that under 
some conditions the mitochondria are concerned in synthesis with enzymes 
active at their surface, and that under others they migrate to certain regions 
and liberate the enzymes which then effect processes of hydrolytic degradation. 
There is, however, pressing need for further inquiry into this enzymatic 
behaviour of mitochondria, and especially into their migration subsequent 
to enzymatic secretion. In particular it has seemed highly desirable to 
institute an inquiry into the activity of mitochonchfia during enzymatie 
secretion in plants, an activity about which nothing whatever is known. For 
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tkiii poirpoae, therefote» an examination was made oi the behaviour of these 
bodies during the germination of the caryopsis of certain cereals, the results 
of which form the subject of the present communication. 

We desire to express our appreciation of the helpful criticism and suggestions 
we have received during the pursuit of this inquiry from Prof, A. J. Ewart, 
RR.S.. Prof. W. E. Agar, F.R.S., and Dr. O. W, Tiegs. 

Methods of Investigationu 

In order to carry out this investigation cereal grains were germinated at 
a temperature of 26® C. in damp sawdust for the earlier stages, and in moist 
soil when older material was required. The types used were Red Hogan 
maize, Warden wheat, and Cape barley. 

In the study of this material great success was obtained by the use of hand- 
sections stained tn^ra viiam with Janus green B (1 : 8000). This dye rendered 
the mitochondria clearly visible without staining any of the other protoplasmic 
constituents. Observations made from preparations of this nature were, 
however, amply supplemented by the use of material fixed in an osmo-chromic 
fluid, in Champy-Kull solution, or in Cox's fixative. After fixation such material 
was washed in running water for 24 hours, embedded and sectioned, the sections 
being stained in iron haematoxylin and sometimes counterstained in eosin. 
Examination of these preparations with high magnification revealed the mito¬ 
chondria as dark bluish granules in the protoplasm. 

After fixation in absolute alcohol these granules were not rendered visible 
by staining in iron ha&matoxylin; and this, added to the observations made 
upon permanent mitochondrial preparations and the sections stained with 
Janus green, led us to believe that the granules studied were of the same nature 
as the mitochondria found in the tissues of other plants and animals. 

The. Metabolism of Oerminating Maize, 

The changes effected in the maize caryopsis during germination have been 
studied on numerous occasions from the pioneering investigations of Sachs 
(86) and Detmer (9) to those more recently carried out by Reed (31) and Toole 
(39). In the rostiiig state of the grain the endosperm cells are densely packed 
with starch grains, except for several layers immediately adjacent to the 
flcutellum which, judging by analogy with the observations of Brown and 
Mbrris on barley (3), are to be regarded as having been emptied and having 
had their thin walls crushed together in the pre-resting stage. In the resting 
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state also the epithelial cells of the scutellum contain veary finely granulated 
and semi-transparent protoplasm; shortly after the onset of germination* 
however, the protoplasm of the epithelial cells becomes much coarser in structure 
ami the granulations increase greatly in size and number—changes to be 
associated with the assumption of secretory activity (Reed). Then, after 
about 24 to 36 horns, corrosion of starch grains commences in the endosperm 
cells adjacent to the scutellum, and sugars and proteins appear there in 
solution. 

These hydrolysed materials are absorbed by the scutellar epithelium, and 
pass on to the embryo to bo utilised in the process concerned in its growth. 
As germination proceeds, the depletion effected in this manner extends slowly 
to the farther portions of the endosperm: simultaneously the scutellum, 
probably as a result of colloidal hydration associated with the general swelling 
of the awakening seed, undergoes considerable increase in size, which results 
in further crushing of the depleted portion of the endosperm, and in the 
epithelium being thrown into glandular folds (Sargant and Robertson, 36), 
At the same time the epithelial cells themselves become elongated and often 
swollen at the ends, and lose their lateral adhesion to one another ; they may 
even form hypha-like protuberances into the endosperm which are often of 
considerable length. Finally, when the endosperm is entirely depleted, the 
protoplasm of these cells loses its granular appearance and becomes perfectly 
clear. 

There has been a certain amount of controversy upon the tissues involved 
in the elaboration of the enzymes concerned in the hydrolytic processes during 
germination. Diastase is present in the grains of cereals even in the resting 
stage (Kjeldahl, 20; Brown and Morris, 3); but there is still a little doubt 
whether it is secreted by the scutellum or arises entirely in the endosperm. 
And of the proteolytic enzymes which White (41) has shown to occur in maize* 
wo have no indication whatever of the place of origin. 

The cytological researches of Torrey (38)^ Reed (31) and Sargant and 
Robertson (36), however, strongly suggest that the amylo-hydrolytic enzyme 
is farmed in the embryo. They succeeded^also in localising the origin of the 
enzyme in the epithelial layer. These results have more recently been con¬ 
firmed by Mann and Harlan (24). Similar conclusions to those of Brown and 
Morris were reached by van Tieghem (40) in the case of the excised embryos 
of various other plants. 

Bruflchi (4), however, criticises the results of these investigations on the 
ground that bacteria may have been present in the cultures* and that theae 
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may have hydrolysed the starch and rendered it available for absorption by 
the embryos; and Linz (22), altho\igh he detected diastase in the scutellum 
by quantitative estimation, states that isolated embryos do not liberate the 
slightest trace of the enzyme, a conclusion also reached by Griiss (12). 

Nevertheless, the more reliable evidence seems to indicate that there is a 
definite enzymatic secretion from the scutidlar epithelium into the endosperm; 
and we are inclined to agree with the recent opinion of Toole who, after a 
careful study of the germination of maize, concludes that, although (as will 
l>e described later) it is possible for sugars to appear in the endosperm without 
any evidence of activity of the epithelial cells, there is nevertheless strong 
evideuc^e in favour of the <;pithelial layer lH*iiig the main source of enzymes for 
the digestion of the materials composing the endosperm. 

The Behatyiour of Mitochondria in the Sc^dellurn and BJmlosperm. 

Examination of the resting stage of the grain showed the endosperm densely 
packed with small round starch grains, excepting the crushed layer of depleted 
cells adja(;ent to the scutellum. The epithelial cells of the latter organ were 
small and compact, with densely staining protoplasm which, in material fixed 
in osmo-chromic fluid, was seen to contain numerous very small brown-stained 
Hpoidal droplets. The nuclei of the epithelial cells, as Reed has described, 
contained only a small amount of chromatin, which occurred in spheres round 
the inner surface of the nuclear membrane. The remaining cells of the 
scutellum were highly vacuolated and also contained large numbers of lipoidal 
droplets of varying size. Mitochondria were to be observed in moderat^e 
frequency both in the epithelial and the other cells of the scutellum ; they also 
occurred sparsely among the starch grains in the cells of the endosperm. 
These features of the resting stage are illustrated in Plate 7, fig. 1. 

Examination of material from three to six days after the commencement 
of germination showed the beginning of depletion of the endosperm cells 
immediately adjacent to the scutellum; some of these cells were completely 
empty and in others starch grains were showing the tjrpical appearance of 
beiiig in process of corrosion. The scutellum and its epithelial cells had also 
increased considerably in size, causing further crushing of the depicted cells. 
What was of most striking significance, however, was the profusion of mito- 
chon<bia now to be seen in the scutellum and its epithelial cells. The paren¬ 
chyma cells of the scutellum were still seen in oamo-chromio preparations to 
be densely filled with lipoidal droplets, the smaller of these clustering round 
the vacuolar membranes, the larger ones often occurring within or entirely 
von. on.—B. Q 
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occupying the vacuole; the narrow strands of cytoplasm separating these 
droplets, however, contained numerous mitochondria (Plate 8, fig. 2), 
clearly shown in the Cox's and Janus green preparations, and in sections of 
material fixed in osmo-chromic fluid differentiated from the brownish-blaok 
lipoidal droplets by their bluish staining reaction with hsematoxylin. Mito¬ 
chondria were also sometimes seen in masses in the intercellular spaces. They 
were equally abundant in the epithelial cells, often aggregated profusely at 
their distal ends; Janus green preparations frequently showed them thus in 
masses so denao and deeply stained as to have lost all detail (Plate 10, fig, 4). 
Of the greatest significance, however, was the fact that mitochondria were 
clustered in numbers round the outer wall of many epithelial cells, often appearing 
partly embedded in the cell-wall (Plate 8, fig. 2). 

These features strongly suggested that the mitochondria had actually passed 
from the interior of the epithelial cells through the walls into the endosperm. 
Large numbe^rs of these bodies, often closely packed, were observed in the space 
between the epithelium and the crushed boundary of the endosperm; and, 
while on account of the thinness of paraffin sections this space sometimes 
appeared empty, in the thicker hand-sections stained with Janus green B it was 
found always to contain mitochondria in greater abundance than in any other 
part of the material. Numerous scattered mitochondria were also found 
embedded in the crushed layer of endosperm cell-walls itself (Plates 9 and 10, 
figs, 3, 4). In these respects the germinating grain differed markedly from that 
in the resting state, wherein the space between the epithelium and endosperm 
Avas }:)erfectly clear and devoid of contents, and no granules were visible on the 
exterior of the epithelial cells (r/. figs. 1 and 2). This apparent process of 
secretion commencing with the onset of germination continued throughout 
the period of endosperm depletion. 

It is to bo supposed that the mitochondria arise in the epithelium by repeated 
division; their peculiar sensitivity generally renders this difficult of observa¬ 
tion (see (6), p. 329), although occasionally they were observed in the elongated 
form which they assume prior to fission. In later stages the external aggrega¬ 
tion of mitochondria was sometimes very dense even in 3 p, sections, in which 
case the secreting cells appeared comparatively clear and devoid of granules, 
suggesting that their secretory activity had at all events temporarily ceased. 
To what extent the mitochondria are identical with the granulations observed 
in the epithelial cells by Reed (31) it is impossible to say; both the granules 
of Reed, however, and the mitochondria of our own preparations disappeared 
on cessation of secretory activity. 
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In the early stages of germination, e,g., about six days after its inception, 
the abundance of mitochondria outside the epithelial layer was observed also 
to extend into the adjacent endosperm cells which were undergoing depletion. 
Largo numbers of mitochondria were clustered along the walls of these cells, 
some appearing even to be partly or wholly embedded in the walls themselves ; 
others, either singly or in masses, occurred scattered in the now emptying 
lumina; and, while the starch grains in an advanced stage of corrosion were 
generally free, mitochondria were in many cases seen aggregated in numbers 
round those grains which had not appreciably begun to dissolve, sometimes 
indeed to the extent of completely enshrouding them. These features are 
illustrated in figs. 3 and 4. 

At the same time in the endosperm cells farther from the embryo, wherein 
no depletion had yet occurred, the number of mitochondria was distinctly 
greater than in the resting stage : these bodies now occurred in little clumps 
in the interstices of the closely packed starch grains, and also promiscuously 
along the walls of the cells (fig, 4). It must be made quite clear, however, 
that, although the mitochondria were more numerous in these cells now than 
in the resting stage, their number was still small in comparison to the profusion 
occurring near the scutellar epithelium and in the colls undergoing depletion. 

As germination proceeded, the layer of depleted endosperm cells was always 
seen to contain a multiplicity of mitochondria, which extended as far as those 
cells in which starch was actually in process of hydrolysis. These mitochondria 
were for the most part found in contact with or adjacent to the cell-walls; 
but it is conceivable that some originally present in the centre might have 
became lost during the preparation of the material. 

The zone of depleted endosperm cells does not broaden as germination 
proceeds, since the scutellum continues to increase in size and crush together 
the walls of the empty cells. Thus towards the close of endosperm depletion 
the layer of crushed cells was very thick and contained numbers of mito¬ 
chondria, many of which were undeniably within the cell-wall substance itself. 
At the close of endosperm depletion, too, the epithelial cells became comparatively 
devoid of mitochondria and the presence of secretion could no loiter be observed 
(Plate 11, fig. 6). 

Prom the evidence of these observations, which were repeated with great 
care on a considerable amount of material, we were able to establish beyond 
all doubt that there is a large increase in the number of mitochondria in the 
cells undergoing depletion adjacent to the scutellum, and that these mito¬ 
chondria are associated intimately with the hydrolysis of the starch grains. 

Q 2 
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Some of the mitochondria must be considered to have originated in situ, rinoe, 
as we have observed, those present in the resting state are able to undergo 
multiplication. In addition to this, however, the supply is continually supple¬ 
mented by secretion of mitochondria from the scutellum; and, numerous 
mitochondria being observed in the layer of crushed cell-walls and in the 
substance of the walls of the cells still in process of depletion, it may be con¬ 
cluded that those secreted from the scutellar epithelium are able to migrate 
into the depleting cells of the endosperm in considerable numbers. It is thus 
not inconceivable that the scutellum may constitute the source of the majority 
of the mitochondria concerned in starch hydrolysis. 

The. Relation of Mitochondria to Enzymatic Activity. 

We have already pointed out that during germination a secretion of diastase 
is generally held to take place from the epithelial layer of the scutellum into 
the adjacent endosperm cells, and that it is this secreted enzyme which is 
mainly responsible for the hydrolysis of the starch reserve. It was also 
manifested that a certain amount of evidence has accumulated to show that 
enzymes are in some way intimately associated with mitochondria : not only 
has it been shown that lipoidal droplets, such as mitochondria appear to be, 
accelerate at all events the synthetic activity of enzymes, but mitochondria 
are believed to contain the enzymes within them; and in hydrolytic processes 
it has been shown in several instances that the enzymes apparently pass to 
their seat of activity in actual association with mitochondria, which then 
dissolve or disappear and liberate the enzyme in an active state. 

In the light of them considerations, the observed behaviour of mitochondria 
during germination of the maize caryopsis becomes fraught with a profound 
significance : it is indeed remarkable that, bearing in mind the new enzymatic 
concept of mitochondria, and knowing that diastase is secreted from the 
scutellum, we should find on observation that a secretion and migration of 
mitochondria occurs also. Such a discovery suggests that the diastatic enzyme 
must be secreted from the epithelial cells of the scutellum in association with 
mitochondria; and in the light of this interpretation the migration of those 
bodies and their aggregation round the starch grains at once becomes intelligible. 
This aggregation phenomenon was always observed in the case of intact or 
slightly corroded starch grains in the cells undergoing depletion; and it seems 
to suggest, just as did the similar aggregation round the food granules in 
Amc^, that under these circumstances the associated enzyme is liberated 
prior to commencing its hydrolytic activity. Since it has been shown that 
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the mitochondrial surface is one where the reverse processes to hydrolysis 
are favoured, such a liberation from the mitochondria of the enzyme would 
perhaps be expected* 

Upon the subsequent fate of the mitochondria we have no direct observa¬ 
tions ; but the freedom from mitochondria of the starch grains in advanced 
stages of corrosion, and the absence of any indication of increase in the quantity 
of these l>odies as germination proceeded, suggests that they underwent 
solution after release of the enzyme, as they do in the food vacuoles of 
Paramcedum (17) and Amoef)a (18). One is led to suspect some change in 
the condition of the medium leading to release of the enzyme and also perhaps 
some kind of simultaneous hydrolysis of the components of the mitochondria 
leading to their solution in the aqueous phase. 

Tile. Behaviour of Mitodmuiria in (he Aieurone Jjayer. 

While investigating these phenomena connected with enzyme secretion 
from the embryo, there were certain other processes in the metabolism of the 
germinating grain in connection with which it was thought the behaviour of 
mitochondria might be of interest. Thus a number of authors have adduced 
evidence for believing that there is a secretion of enzymes from the aieurone 
layer also. 

This conclusion was reachtnl originally by Haberlandt (14), who maintained, 
indeed, that the whole of the diastase concerned in starch hydrolysis in the 
endosperm of grasses comes from these cells. His evidence lay in the demoU'^ 
stration of the solution of starch grains which are placed on the isolated and 
washed aieurone layer. In a critical consideration of his work, however, 
Brown and Morris (3) conclude that Haberlandt’s interpretation of his results 
is unjustified ; and they showed that depletion in barley was no more marked 
adjacent to the aieurone layer than in the rest of the endosperm. Brown and 
Escombe (2), however, in reinvestigating this work, admitted that the aieurone 
cells of barley have both a cyto-hydrol}i;ic and an amylo-hydrolytic capacity ; 
while more recently Grtlss (13) claims to have demonstrattjd the occurrence 
of cx)rrosion in the endosperm cells immediately adjacent to the aieurone 
layer. This ho did in grains from which the embryo had been removed and 
which had been placed for four weeks on glass wool saturated with water. 
Griiss concludes also that oxidising enzymes are secreted from the aieurone 
layer in the case of barley, a possibility entertained likewise by Stoward (37). 

While there is some doubt as to the reliability of the tests used by Griiss for 
diastase, it seemed a matter of interest to know whether there was any secretion 
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of mitochondria from the cells of the alexirone layer into the starchy 
endosperm. 

As has generally been found by other investigators, even in the later stages of 
germination there was little indication of withdrawal of the protein and lipoid 
reserves of the aleurone cells; and in all the material examined the cells next 
to the aleurone layer were invariably the last to be depleted , and the mitochondria 
associated with this process showed no evidence of coming from the aleurone 
layer. The aleurone cells contained a moderate number of mitochondria, but 
we were unable at any time to obtain evidence that these migrated through the 
thick walls into the adjacent endosperm cells; and, while the number of 
mitochondria increased in the latter cells from that characterising the resting 
stage, this increases was only collateral with that occurring throughout the 
endosperm, to wliich reference has already been made (fig. 6). 

In addition to these observations, the embryo was dissected out of a number 
of grains which were then mounted on plaster-of-Paris pillars immersed in 
water according to the technique adopted by Hansteen (16) an<i Puriewitsch 
(30), These experiments were carried out under strictly aseptic conditions, 
the grains being previously sterilised by the calcium hypochlorite method of 
Wilson (42). The aleurone layer was examined in grains treated in this 
manner at intervals up to a month after commencement of the experiment, 
but with no different results to those obtained in the case of normally ger¬ 
minating grains. 

The behaviour of mitochondria, then, lends no support to the view that the 
aleurone cells secrete enzymes into the rest of the endosperm. One might 
suggest that the densely protoplasmic condition of these oeUs, which has 
influenced various authors {e,g., Haberlandt, 14) in their belief that these cells 
are endowed with secretory power, would find complete interpretation in the 
light of their cambial activity during the development of the endosperm within 
the embryo-sac in the pre-resting stage of the grain (Gordon, 10). 

Aut(hDigeBiion in the Endosperm* 

It has been shown on numerous occasions that the starchy endosperm of 
various cereals con digest itself even when the embryo is removed. This was 
demonstrated by Hansteen (15) and by Puriewitsch (30), who mounted isolated 
endosperms on plaster-of-Paris blocks immersed in water and found that the 
products of digestion were thereby drawn away and the tissue depleted. 
Linz (22) showed also that an increase of diastase occurred in isolated 
endosperms under similar conditions. 

There is, however, considerable divergence of ojriniou as to whether these 
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te$ults definitely indicate that the cells of the endosperm are alive, as Hansteen 
and Pnriewitsch claim. It was believed originally by Brown and Mortis (3) 
that the endosperm of barley, apart from the aleurone layer, is non-living, 
despite tbsapresence of diastase in its cells; and Haberlandt (14), Griiss (13) 
and others have attributed the diastase to a secretion from the aleurone layer. 
Bruschi (4) has more recently come to the conclusion that “ the self-emptying 
can go on in the absence of any vitality in the aniyliferous cells, because the 
starch hydrolysis is accelerated by a strong amylase which, little by little, 
arises from a pro-enzyme which exists in the (‘ndosperm of the resting seed, 
and becomes active even though every trace of vitality has been removed from 
the entire endosperm or seed by mechanical means.’* Bruschi, however, adds 
that the vitality characteristic of the aleurone layer is also retained in one or 
several of the sub-aleuronic layers. 

In the light of those conclusions it was considered a matter of interest to 
investigate the behaviour of mitochondria in isolated maize endosperms treated 
as in the experiments of Hansteen and Puxiewitsch. The endosperms treated 
in this manner have been referred to already under the previous heading. 

Examination of sections stained int/m vitam on the sixteenth day after the 
commencement of the experiment showed the number of mitochondria to be 
distinctly greater than in the resting state. They now occurred in clumps 
scattered through the cells in the interstices of the still intact starch grains 
(fig, 8), very much as in that portion of the endosperm of the normally 
germinating grain which has not yet begun to empty (fig* 4). Not only was 
this so, but in many cells also mitochondria were observed in elongated form 
and in process of binary fission (fig. 7). The latter observation was considered 
to be of great importance, since it definitely establishes the ability of mito¬ 
chondria to increase in the endosperm apart from secretion from the scutelliim 
or the aleurone cells. 

At this time no corrosion of starch grains was evident. Examination on the 
twenty-sixth day, however, showed corrosion to be taking place slowly in the 
cells near the plaster-of-Paris block. Numbers of the starch grains were in 
process of solution in these cells, and many also had small numbers of 
mitochondria adhering to their surface (Plate 12, fig. 10). 

It thus seems that mitochondria increase in number in the isolated endosperm 
and become associated with starch hydrolysis in the same manner as was 
observed with those secreted from the scutellum. It must be added, however, 
that this hydrolysing process is on a much reducetl scale compared with that 
ocoumng during normal germination, both the numbers of tnitochondria and 
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more especially the rate of starch solution being decidedly less. That it does 
occur is nevertheless suggestive of vitality being possessed by all the cells of 
the endosperm, since it does not seem likely that mitochondria could divide in 
non-living cells. 

Secretion of Mitochondria fnmi the Sctdellum in Germinating Wheat and Barley, 

In order to discover whether this behaviour of the mitochondria in germinating 
maize was not a specific peculiarity, examination was made of germinating 
wheat and barley. In these cereals the metabolism is fundamentally similar 
to that of maize, except that the^e is produced, apparently from the scutellum^ 
a cyto-hydroljdi(j enzyme which dissolves the walls of the endosperm cells 
prior to starch hydrolysis. While the observations made were not so extensive 
as in the case of maize, it was foimd that during the germination of both wheat 
and barley a similar abundant secretion of mitochondria into the endosperm 
takes place from the epithelial cells of the scutelhim (fig. JO), and that these 
mitochondria aggregate round the starch grains prior to their solution in the 
manner already described. 

Cofwkfding Retmrh. 

It may he concluded from the observations recorded in these pages that, 
wherever, there is indication of enzymatic activity in the solution of starch 
in germinating cereals, the enzyme appears to be localised within mitochondria ; 
when the enzyme is secreted it is translocated likewise in the mitochondria 
and is liberated therefrom only when it has reached its substrate. It is aigni- 
fimnt also that the numbers of mitochondria produced are to some degree 
comparable with the extent of enzyme action taking place: in the rapid 
depletion of norma! germination they are secreted into the starch-containing 
cells in considerable profusion; in the slower auto-digestion of the isolated 
endosperm they multiply intracellularly to a less c.xtent. The rate of depletion 
thus tends to be proportional to the surface area available from which the 
enz}Tne may be liberated ; and, while it is possible that mitochondria of endo- 
spermic origin may function to some extent in starch hydrolysis during normal 
germination, it is to be concluded that an important part in this process is 
eff<K!ted by those secreted from the embryo. 

In view of the continuous output of mitochondria from the epithelium of the 
scutellum, one must assume that there is a source of raw material for their 
rapid production; and since mitochondria are largely lipoida), one wonders 
whether it is the store of lipoid in the scutellum which render this production 
possible, and whether it is the absence of lipoids from the endosperm which 
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preventa the same profuse propagation of mitochondria in this tissue when it 
is separated from the embryo. Mitochondria are believed also to contain 
a certain amount of protein (6); and in this connection it is curious to recall 
the suggestion made by Brown and Morris (3) and by Haberlandt (14) that the 
production of enzymes in part depends upon the absorption of proteins from 
the endosperm. 

That mitochondria should be able to migrate through plasma-membrane 
and cell-wall in the manner described is not to be considered in any way 
unfeasible. It is generally concluded (Cowdry, 5) that mitochondria consist 
for the most part of phosphatides with a small amount of protein in addition ; 
and there is sufficient evidence for believing that phosphatides can migrate 
through tissue in this manner. For example, it is known that fatty substances 
of various kinds pass from the apical meristems where they are synthesised 
out into the external differentiating tissues (Priestley, 29), in which trans¬ 
location they pass through numerous coll-walls; more specific evidence, 
however, lies in the (experiments of Hansteen Cranner (8) and Grafe and 
Magistris (11), who demonstrated that phosphatides can diffuse out from discs 
of plant tissue when these are allowed to stand in water. In view of this 
knowdedge the translocation of such minute droplets of phosphatide material 
as mit(Kffiondria should not be difficult of conception. 

It is premature as yet to speculate upon the mechanism of the relationship 
of mitochondria to the manifold metabolic processes in which they seem to 
he concerned : Robertson has, nevertheless, shown how the physical properties 
of their lipoid components may be of fundamental significamje ; and, if indeed 
they consist mainly of phosphatides, then in chemical reactions of various kinds 
taking place at their surface, and perhaps in the holding and release of enzymes, 
much may depend on the ethylene linkages of their unsaturated fatty-acid 
radicles (Mayer, Rathery and Schaeffer, 23) and their amphoteric properties 
recently demonstrated by Levene (21). 

Summan/, 

In the resting stage of the maize grain mitochondria occur in moderate 
numbers in the scutellum and occasionally in the endosperm. During germina¬ 
tion, however, they become more numerous in the scutellum and are secreted 
in large numbers from the epithelial cells into the adjacent starch-containing 
cells of the endosperm. These secreted mitochondria then aggregate round 
the starch grains prior to their corrosion; then as corrosion commences the 
associated mitochondria seem to disappear. Throughout the whole period 
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of endosperm depletion, mitochondria are secreted in this manner and migrate 
through the emptied cells to the zone of active hydrolysis, where they become 
associated with the starch grains in this manner. 

This behaviour of the mitochondria appears to lend considerable support 
to the enzymatic conception of mitochondrial activity, it being supposed that 
the starch-splitting enzyme is located within them or at their surface, and is 
liberated therefrom when these bodies have reached the surface of the starch 
grains. 

D\mng germination the mitochondria originally present in the endosperm 
are able to increase by fission, although the same profuse numbers are not 
found as are secreted from the scutellum. In isolated endosperms, however, 
these mitochondria of intracellular origin are able to effect starch hydrolysis 
and depletion, although at a much lower rate corresponding to their lesser 
numbers. 

There is no evidence for a secretion of mitochondria from the aleurone layer 
or of depletion being in any way affected by secretion of enzyme therefrom, 

A .similar secretion of mitochondria from the epithelial cells of the scutellum 
takes ])]ace during the germination of both wheat ajid barley. 
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DESCRlin'lON OF PLATES. 

Plate 7. 

Fig. 1. —Portion of a transverse section of a resting grain of maize, fixed in osmo-chrotnio 
solution and stained with iron hasimatoxylin, showing scutellar epithelial cells and 
adjacent endosperm cells. In the epithelial cells and the portion of the tisstie of ‘the 
scutellum showing above them, are seen the large nuclei with characteristic peripheral 
chromatin described by Reed (31), and also numerous vacuoles. Below the epithelium 
is the layer of cnished cell-walls characteristic of the edge of the endosperm, foDowed 
by the cells packed with starch grains. Mitochondria are in comparative abundance 
in the scutellum, but only a few can bo observed in the endosperm cells. Numeroua 
brown-stained lipoidul droplets were seen in the protoplasm, but these have been 
omitted from the drawing to prevent confusion witli the mitochondria. ( X 1290.) 

Plate 8, 

KtG. 2.—Portion of a transverse section of a grain of maize, fixed on the fifth day of 
germination in Cox's solution, showing a portion of the scutellar epithelium. In 
both the epithelial cells and the inner tissue of the scutellum partly seen above them, 
the mitochondria arc now much more numerous than in the resting stage depicted 
in fig. 1. They arc also clustering on the exterior of the epithelial cells and partly 
eml)edded in their walls, thus appearing as if they had just Injen secreted. Mitcn 
chondria are seen also in the intervening space between the scutellum and the endo^ 
sperm and clustering among the crushed cell-walls bounding the endosperm itself, 
{X 1290.) 

Plate 9. 

Fio. 3.—Portion of a transverse section of a maize grain fixed in Champy-Kuli solution 
on the sixth day of germination. Mitochondria are seen accumulated at the peripheral 
ends of the epithelial cells and in process of passage into the adjacent endosperm. 
Some are embedded in the mass of crushed cell-walls bounding the endospenn, and 
in the cells immediately within they occur in profusiem. The more peripheral 
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endosperm oella are practically depleted except for a few starch grains in process of 
solution and show numerous mitochondna accumulated for the most part round their 
walls. The cells farther in contain more starch grains which have not yet commenced 
to corrode, and round these mitochondria arc clustered in numbers; starch grains 
which arc in process of corrosion are, on the contrary, gtmcrally free from mitochondria. 

< X 1200.) 

Plate 10, 

Fig. 4.—Section of mai/e grain, eight days after the commencement of germination, stained 
tntm vikmi. with Janus gretm B, showing secretion of mitochondria from the soutellum 
into the endosperm. Mitochondria are seem in dense profusion both in the epithelial 
cells and in the adjacent crushed mass of endoHj>t*rm walls ; they are seen also in 
numbers in the cells undergoing depletion, as in fig. 3, some bt'ing aggregated round 
the starch grains and others being clustered along the cell walls. It will bo observed 
how the nunil>er of mitochondria decreases on passing towards the undepleted portion 
of the endosperm. Occasional starch grains are scon in the tissue of the scuteUum. 
(X 600.) 

Plate 11. 

Pig. 6.*— Portion of st^ction of maixe stainod intra vUnm on the fourteenth day of germination, 
at which stage endosperm depletioA is practically complettMl. The now considerably 
elongated opithdial ceJls ore beginning to clear of mitochondria with the approachiiig 
cessation of secretory activity; and the layer of crushed endosperm cell-walls has 
l>ecome very broad with the continued depletion and concomitant expansion of the 
soutellum. Mitochondria, however, are still in progresa of passage through this zone 
to the not yet depleted cells beneath. (x 640.) 

Fia. 6.—Draw ing of a portion of the aleurono and sub-aleuronic layers in maize grain on 
the tenth day of germination. The preparation was stained mtra vitam wdth Janus 
green B. Protein granules are seen in the aleurone colls and in the adjacent layer, 
while starch grains occupy the cells farther in. Mitochondria are present in the aleurono 
cells, and in the iidjattent endosperm cells they tx^cur in numbers characteristic of the 
whole of this tissue not undergoing clepletion at this stage. There is no suggestion 
of secretion from the aleurono cells or of the profusion of mitochondria found to 
accompany secretion from the epithelial layer of the sciitellum. ( x 1300.) 

Fig. 7.—Portion of a section of an expt^rimentally treated isolated maize endosperm, 
sixteen days after commencement of the experiment, and staintxl irUra vitam with 

ft Janus green B. Mitochondria are seen in the elongated state and undergoing fission 
among the densely packed starch grains. ( x 1300.) 

Plate 12. 

Pig. 8.—Another cell in the same section as illustrated in fig. 7, showing a cell where the 
mitoohoiulria are occurring in clumps. It is considered probable that these clumps 
have arisen from the small ntimber of mitochondria present in the resting stage by 
division such as is illnstratccl in fig. 7. (x 1300.) 

F*lGr 9.—Portion of a transverse section of another isolated maize endosperm, twenty-six 
days after the commenoement of the experiment. The (jell depicted was quite near 
the plaster-o£-Pari« pillar, and is undergoing depletion. Some of the starch grains 
are seen to be corroding, and some have small numbers of mitochondria aggregated 
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round them, showing that the mitoohondtia of endospennie origin, like tbose seoreWl 
from the aoutellum, only in a smaller way, are associated with starcJx hydrolyvis. 

(X mo.) 

Fiq. 10.—Portion of a transverse section through a germinating wheat grain five days old. 
The material was fixed in osmo-ohromic solution. The apical portion of the epithelial 
cells of the soutellum are seen and also the adjacent crushed layer of endosperm cell- 
walls. Mitochondria are seen to be in process of secretion from the epithelium 
precisely as in the case of maize. ( x IBOO.) 
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1. hfUfoduction. 

This paper is concerned with the embryonic development of the Wol&n 
body and duct, the Mullerian duct, and the urogenital connection in the mouse. 

Part I dealt with the development of the indifferent gonad and of the ovary 
after differentiation. The germinal ridge is first established in the embryo 
9 days p.c,, and the gonads are definitely differentiated into ovaries or testes 
12daysp.c, Parturition takes place 19daysp.c., and seicua! maturity is attained 
at about 8 weeks p.p. 

In the mouse the mesonephros is vestigial and nonrfanctional, a point that 
must be constantly borne in mind in comparing it with, for instance, such 
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forms as the rabbit, in which the mesonephros is large, well developed and 
ftmCtionaL 

The epithelial proliferation beginning in the forming germinal ridge and 
continuing, in the female, until after birth is not in the form of cords, but is 
continuous over the whole surface of the gonad, and gives rise to the solid 
epithelial nucleus. Furthermore, it is not divided into a medullary and a 
cortical proliferation, but is one single process. After the ovary is differentiated 
the epithelial nucleus is broken up, to a certain extent, into finger-shaped lobes 
or cords by the down-growtli of mesenchyme from the hilum, but this process 
is entirely secondary. 

In the male the epithelial proliferation and the solid epithelial nucleus 
continue until the tunica albuginea is formed at the time of sexual differentia¬ 
tion. Mesenchyme growing down from the hilum forms the tunica albuginea, 
and breaks up the solid epithelial nucleus into spermatic cords. The formation 
of the spermatic cords is, therefore, also secondary. These peculiarities of the 
mouse are probably associated with the small sir^e and rapid development of the 
early gonad rudiments. They are of the utmost importance in connection with 
the relations of the urogenital connections and ducts to the spermatic tubules in 
the testis and the homologous structures in the ovary. 

The author would like to take this opportunity of expressing his thanks to 
Prof. J. P. Hill, F.R.S., for his advice and criticism in connection with this 
work, and to Dr. A. S. Parkes for much helpful criticism. The material for 
this research was purchased with the help of a grant from the International 
Education Board. The histological and photomicrographic expenses were 
defrayed by a grant from the Government Grants Committee of the Royal 
Society. I wish to express my thanks for both grants. 

2, Mixterial. 

The material available consisted of 19 embryos from 9 to 12 days p.c., arranged 
in 9 stages, as the variation in the state of development necessitated a seriation 
not strictly in accordance with their ages. The material after 12 days p.c. 
was taken at daily or half-daily intervals until birth. It consisted of 18 female 
embryos arranged in 8 stages and of 21 male embryos in corresponding stt^es. 
The series of material from birth to maturity consisted of 11 stages of each 
sex, covering each of the eight weeks. 

The material was mostly fixed in Bouin’s fluid and stained with Ehrlich's 
heematoxylin and eosin, or by Pasini’s method. Complete serial sections were 
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made of the gouade or gonad regions in each case, excepting the larger 
testes. In addition, embryos at 12,12J, 12 15 and 18 days p.c. were dissected 
under a dissecting microscope. 

3. Description. 

The Differentiation of Sex .—Sex can first be distinguished histologically in 
the mouse at 11^ or 12 days p.c. (5). It can be determined on micro-dissection 
easily at 13 days p.c. by the greater thickness of the testes as compared to the 
ovaries. By comparing micro-dissections of embryos from the same uteri, 
it was possible to distinguish the testes from the ovaries at 12J and 12|^ days 
p.c. by the same method. At 12 days this distinction was not apparent. 
Measurements were made from the slides of the lengths of all the gonads of the 
embryos in the series between 11 and 13^ days, inclusive. At the same time an 
outline drawing of the greatest^ cross-section of each was made with the aid of 
a camera lucida. The lengths of the gonads varied greatly, and were not 
correlated with sex. The area of the cross-sections was calculated with the aid 
of a planimeter, and the average of the two gonads of each embryo was plotted 
on the accompanying graph (text-fig. 1). It can be seen from this that the 
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iesteB are perceptibly thicker at 11^ days» and are inereaBingly so at all subse¬ 
quent stages. In no case after sex can be distinguished histologically do the 
cross-sectional areas of the ovaries of any of the females overlap those of the 
testes of the males from the same uterus. The apparent overlap at 12 days is 
not real, as the embryos from two uteri are plotted. Those from one uterus 
(Stage 7) are less developed histologically, and are all smaller than any of those 
from the second uterus (Stage 9). Drawings of micro-dissections of male and 
female 12| day px. embryos are shown in Plate 13, figs. 1 and 2. Similar 
dissections at 15 da 5 rs p,c, are shown in Plate 14, figs. 1 and 2, In the testes 
the loops of the spermatic cords, attached to the mesotestis, can be seen as 
transverse ridges through the tunica albuginea. It is remarkable that the 
testes can be distinguished by measurement at the earliest stage at which they 
can be identified histologically, and that they can be told 24 hours later under a 
dissecting microscope or even with the naked eye. 

The Wolffian, Body and Ihtct at the Time of the Formation of the Germinal 
Ridge ,—This description begins with embryos of 9 days p.c. at the stage when 
the first traces of the germinal ridge are formiiig. The development (and 
degeneration) of the Wolffian body, the Wolffian duct and the Mfillerian duct 
always proceeds strictly in an antero-posterior direction. In consequence, the 
stage of development of any one of these organs is usually noticeably more 
advanced at the anterior end than at the posterior end. In embryos 9 days px. 
(Stage 1 (6)) the Wolffian body is well established, and the tubules are formed 
anteriorly. The most posterior tubules are, however, not quite completely 
organised. The Wolffian duct is luminate throughout its length. ^ 

Anteriorly it ends blindly just in front of the opening into it of the first 
mesonephric tubule. Posteriorly it oj>ens into the urogenital sinus. It 
measures approximately 35 to 40 p in diameter. It may therefore be said that 
the Wolffian bodies and ducts are completely established at the time when the 
germinal ridges begin to form. Growth, however, continues in lK)th for some 
time afterwards. At the next stage (11 days p.c., Stage 3) 8 to 10 mesonephric 
tubules are found on each side. They are simple, slightly coiled tubules about 
56 to 90 (A in diameter, with a small but definite lumen. Their wall is formed 
of a single layer of columnar epithelial cells with the nuclei away from the 
lumen. The tubules are without definite glomeruli, which are never developed, 
but rudimentai^ capsules in the form of slight swellings of the tubules are found 
in ll^y px. embryos. 

All the anterior tubules open into the Wolffian duct at regular intervals, but 
ihe posterior two or three do not^ and are blind at both ends. There is no 
VOL. on.—B* E 
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separation of the anterior and posterior tubules into groups, but it is possible 
that the anterior ones, opening into the Wolffian duct, represent the epigonat 
and the blind tubules the paragonal regions. The first tubules are slightly 
anterior to the epithelial nucleus of the gonad, and there are no tubules posterior 
to the anterior two-thirds of the latter. Each tubule ends close to the peri¬ 
toneal epithelium on the ventro-lateral aspect of the germinal ridge, the ends of 
those in the region of the gonad being only separated from the dorso-lateral 
border of the epithelial nucleus by a thin layer of mesenchyme. The extremities 
of the anterior tubules appear to be attached to the ccelomic epithelium as 
nephrostomes, but it is impossible to be sure, in the single specimen of 
this stage, on account of the plane of sectioning being longitudinal, not tangentiaL 
Nephrostomial connections between the anterior tubules and the cfBlomic 
epithelium are present in the embryo 10 days p.c. (Stage 6 (5)). 

Small funnel-shaped invaginations of the coelom are present in the most 
anterior nephrostomes, which are best developed. Three or four nephrostomes 
are anterior to the gonad, and a few, more difficult to distinguish, are present 
at the dorso-lateral margin of the anterior portion of the gonad. At 11 days p.c. 
(Stage 6 (6)) better developed nephrostomes are present. About 3 occur 
anterior (Plate 16, fig. 1) to the gonad and 3 at least in the gonad region (Plate 16, 
fig. 2). In one embryo, a typical example, the ostium abdominale tubce (text- 
figs. 2 and 3) occurred 182 p in front of the gonad. The first nephrostonle 
(text-fig. 4) was 84 p posterior to the ostium, the second 102 p, and the thu^ 
164 p, or 28 p anterior to the gonad. The fourth was 21 p posterior to the 
anterior pole of the gonad, the fifth 63 p, and the sixth 147 p. Traces of Wo 
more nephrostomes occurred behind the sixth. The two or three posterior 
tubules, which do not open into the Wolffian duct, have no nephrostomial 
connection with the coalomic epithelium. 

In the clearest cases the nephrostomes are open and appear continuous 
with the lumina of the tubules; in others they consist merely of solid 
connections between the peritoneal epithelium and the tubules. The ventral 
borders of the nephrostomes in the gonad region, immediately beneath the 
coelomic epithelium, are either in contact with the dorsal margin of the epithelial 
nucleus of the gonad or are only separated by a very thin layer of mesenchymal 
tissue. These nephrostomes are destined to participate in forming the rete 
testis or the rete ovarii, as the case may be. They remain unchanged in both 
sexes until 12 days p.c. 

It has already been stated that glomeruli as such are absent in the mOBOAe- 
phros of the mouse, but rudimentary capsules of Bowman are represeated 
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by a sli^t swelling of the distal end of each tubule just before it joins the 
t^ephrostome* This swelling is slight but distinct, and its lumen is a little larger 
than that of the tubule just above it. Its wall is similar to the rest of the tubule. 



T«xt-Figs. 2-4. 

(X 136. See description of Plates for key to referenoe letters.) 


The cejAialio portion of the Wolfl&an body anterior to the gonad becomes much 
reduced by the 12th day p.c., and hardly projects at all in front of it. This 
ted^ction lA partly apparent, owing to the unequal and relatively enormous 
Iprowth of the gonal region, and partly real, owing to atrophy of the pregonal 
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region. In cousequenoe, at the time when the urogenital union is effected, aH 
the nephrostomial rudiments are grouped about the anterior end of the gonad, 
and the ostium abdominale tubee is just in front of the anterior pole of the 
gonad. 

The Vrogemital Union of the Male .—In the male the urogenital connection is 
effected slightly earlier than in the female. In the male embryo 12 days p.o. 
(Stage 9 (5)) the nephrostomes have ceased to communicate with the coelom, 
and the nephrostomial canals are becoming separated by mesenchyme from 
the coeloniic epithelium. At the same time the epithelial nucleus is becoming 
differentiated into definite spermatic cords by the down-growth of mesenchymal 
tissue from the primitive hilum. These spermatic cords are attached along the 
line of the hilum. The nephrostomial canals lie in close apposition to the 
hilar insertions of the forming aj>ermatic cords, and are only separated from them 
by a thin^layer of mesenchyme. As the nephrostomial canals become separated 
from thebtnlomic epithelium they unite with the spermatic cords and constitute 
the urogenital connection. 

The actual union seems to be effected before the nephrostome is completely 
separated from the coelomic epithelium by a small down-growth from the 
ventral surface of the nephrostomial canal, near its junction with the epithelium 
(Plate 15, fig. 3). This down-growth breaks through the thin layer of mesen- 
diymc, separating it, and fuses with the spermatic cords. This connecting 
strand is small, and consists of only a few cells, as can be seen from the figure. 
It appears to be formed by a definite down-growth from the nephrostomial 
canal just distal to its coelomic opening. At this stage the rudimentary capsules 
of Bowman are so degenerate as to be indistinguishable from the nephrostomial 
canals on the one side and the mesonephric tubules on the other. It is thus 
impossible to define accurately the extent of the remains of the capsules. In 
consequence, it is possible that cells which previously formed part of a Bowman’s 
capsule may enter into the formation of the strand of cells which grows down 
from the nephrostomial canal and unites with the spermatic tubules. It would 
appear more probable, however, that the strand is formed as described from the 
elements of the nephrostomial canal alone. 

I’he union is assisted by the constriction of the primitive hilum to form the 
mesorchium. This is effected by the formation of a lateral groove between the 
Wolffian body and the dorsal margin of the testis, which deepens and displaoeii 
ike nephrostomial canals from the lateral margin towards the mid-line of the 
testis, and brings them into closer contact wif^ the dorsal extremities of the 
spermatic cords. 
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The primitive nephrostomial canals, together with small down-growths 
from them, therefore appear to give origin to the definitive rete testis and, by 
acquiring an early, but secondary, connection with the spermatic cords, miite 
them to the anterior mesonephric tubules which open into the Wolffian duct. 
The posterior tubules, which never developed nephrostomial rudiments, do 
not contribute to the urogenital connection. The rete testis consists of a 
bundle of about seven fine tubules running from the testis through the anterior 
portion of the mesorchium to the anterior end of the Wolffian body. The lumina 
of the rete tubules remain incipient for some time, but become more marked by 
14 days p.c. and are open at birth. 

It appears that all the six to eight nephrostomial canals that are formed 
take part in the urogenital union. They are at first separate and distinct. 
Soon the constriction of the mesorchium presses them closer together and they 
then anastomost^, forming a closely interwoven cord extending forward from the 
testis through the anterior margin of the mesorchium to the cephalic or 
epididymal portion of the Wolffian body. The increase in the number of 
spermatic cords results in the ends of the rete becoming branched to unite with 
them. 

These branches constitute the straight tubules of the testis, the tubuli recti. 
They are formed in part from the rete, but may be contributed to also by the 
hilar ends of the spermatic tubules. They do not exist as such at the time when 
the urogenital union is effected, but are developed before birth to deal with the 
increased number of spermatic tubules. They arise thus as a secondary 
differentiation of the region of junction between the spermatic tubules and the 
rete. At 18 days p.c. their lumina are well formed and much larger and more 
distinct than those of the rete. At this time the spermatic tubules are not yet 
luminate. 

The ooimective-tissue sheaths of the spermatic tubules, which were derived 
from the down-growth of mesenchyme from the hilum, unite to form a sheath 
around the tubuli recti and rete. This sheath is augmented by the continuetl 
down-growth of connective tissue from the hilum and forms the mediastinum 
testis. 

The vessels of the testis pass through the mesorchium immediately behind the 
rate cords (Plate 16, fig. 1). 

The Urogenital Union in the Fefmk .—The urogenital connection in the female 
is established riightly later than in the male. It is effected in an exactly similar 
manner. The female embryo at 12J days p.c. is at the same stage in this respect 
as the male embryo at 12 days p,€. At this stage the small ventral down- 
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growths from the nephrostomial canals are passing into continuity with the 
epithelial nucleus of the gonad,and the nephrostomes are loosing their oaoneotion 
with the coeloinic epithelium. This process, os in the male, is slightly more 
advanced in the anterior nephrostomial canals than in the more posterior ones* 
At this time the mesenchyme of the hilum is beginning to grow down into 
the epithelial nucleus and to split it up into epithelial cords. These down- 
growths constitute the priraordia of the connective tissue of the septa ovarii. 
At 13 J days p.c, the septa have extended from the hilum as far as the periphery 
of the ovary. The division of the ovarian epithelial nucleus into epithelial 
cords is, therefore, like the formation of the spermatic cords in the male, a 
secondary process. The retia primordia effect their union with these epithelial 
cords at the time when they are just forming. The urogenital union in the 
female mouse is thus effected in a manner strictly homologous to that in the 
male. The constriction of the mesovarium, by the formation and deepening 
of a lateral groove along the line of junc^tion of he ovary with the WolflBan 
body, assists in bringing about the urogenital union, in the same manner as the 
constriction of the mesorchium in the male. 

The primitive nephrostomial canals and the down-growths from them 
therefore give origin to the definitive rete ovarii and unite the epithelial cords 
to the anterior mesonephric tubules. At the time when the union is effected the 
anterior mesonephric tubules open into the Wolffian duct. The posterior 
tubules, which, as in the male, never develop nephrostomes, do not contribute 
to the urogenital connection. The rete ovarii thus consists primarily of a 
bundle of about eight fine tubules running from the ovary through the anterior 
portion of the mesovarium to the anterior end of the Wolffian body. The 
lumina remain incipient until about the 18th day when they become open. 

It appears that, as in the male, all the nephrostomial canals take part in the 
formation of the rete. They ate at first separate and distinct, but soon 
anastomose with each other. 

The hilar portions of the septa ovarii, augmented by a further down-growth of 
mesenchymatous connective tissue from the hilum, ensheath the ovarian 
portion of the rete and their junctions with the epithelial cords. This forms the 
mediastinum ovarii, the homologue of the mediastinum testis. 

The vessels of the ovary pass through the mesovarium immediately behind the 
rete cord (Plate 16, fig. 2), 

The Later Development of the Wolffian Body and Dud in the Female.-^Tke 
down-growth of connective tissue from the hilum which contributes to the 
formation of the mediastinum ovarii continues, and forms a central knob of 
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tissue in the ovary by the end of gestation. This knob of tissue constitutes the 
primitive medulla. It includes the ovarian portion of the rete. As development 
proceeds the medulla is contributed to by the inner ends of the epithelial cords, 
in which the germ-cells have degenerated. The rete tubules loose their definite 
connections with the epithelial cords of the definitive cortex during this process 
of medulla formation. They persist, however, during adult life as a number of 
isolated cords in the medulla. 

In the female the Wolffian duct degenerates early. At 14 days p.c. the 
anterior end shows signs of degeneration, at 16 days p.c. it has degenerated 
throughout the ovarian region. The degeneration proceeds from before 
backwards. 

The anterior mesonephric tubules, about 8 in number, which at first unite the 
rete with the Wolffian duct, constitute in the female the epoophoron (Plate 16, 
fig. 2), They loose their connection with the Wolffian duct as soon as it begins to 
degenerate. Subsequently they persist, without developing further, as a few 
blind tubules to which the rete tubules are attached, and which can be detected 
in the mesovarium of the adult female. 

The blind posterior tubules, one or two in number, which do not take part 
in the urogenital connection, constitute the paroophoron. Like the para¬ 
didymis in the male, it degenerates early and cannot be detected at birth. 

The Early DevdopneM of th} Mullerian Duct, —There are no traces of the 
ostium abdominale tubee to be found in the embryos earlier than 10 days p.c. 
(Stage 5 (5)). At 10 days p,c, a varying number of rudimentary nephrostomes 
in connection with the nephrio tubules arc to be found in the region where the 
ostium will be developed. It is impossible to distinguish the primordium of 
the ostium from the other nephrostomes. At the next stage (Stage 6 (5)), 
11 days p,c. , the ostium can be distinguished from the nephrostomes. It consists 
of a groove or funnel in the ventral side of the urogenital fold, and is situated 
on a level with the extreme anterior end of the Wolffian duct. Except for its 
somewhat larger size and the absence of any connection with the mesonephric 
tubules, it closely resembles in structure and position the true nephrostomes. 
It is 84 p. anterior to the first nephrostome and 182 \i anterior to the gonad. 
At 12 days p.c, (Stage 9 (5)) the ostium abdominale tubae has deepened. Its 
free extremity extends up beneath the lateral epithelium of the urogenital fold 
almost to the level of the Wolffian duct, and proceeds to grow backwards 
beneath the peritoneal epithelium immediately superficial to the Wolffian 
dutst. 

The rapidly growing tip exhibits many mitoses. It is closely applied to the 
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overlying peritoneal epithelium in a manner which suggests that the latter is 
adding to it by proliferation. The absence of mitoses in this region of the 
peritoneal epithelium, however, precludes this possibility. The rapid backward 
growth of the tip of the ostium abdominale tubse to form the Mullerian duct 
continues until it extends into the genital cord, which has been formed already 
by the union of the two urogenital folds. This origin is exactly similar to that 
described in the human embryo by Felix (7). He says: Its growth results 
entirely from its own forces, the outgrowing tip being always free, and coimeoted 
neither with the coelomic epithelium nor the primary excretory duct; only 
poorly preserved or poorly fixed preparations could deceive one on this point. 
The growth depends on the increase of cells partly along the entire extent of the 
duel:, as is shown by the mitoses, partly at the outgrowing end, which is 
frequently swollen and presents all the peculiarities of a so-called cone of 
growth.” 

The development of the Fallopian tubas and the ovarian capsules in the 
mouse is described in detail by Agduhr (1). 

The Degeneration of the Mullerian Duel in the Male. >4n the male the Mullerian 
duct degenerates early. Degeneration begins in the anterior end and proceeds 
caudalwards. At 12J days p.c. the development of the Miillerian duct in the 
male is exactly similar to that in the female, and the development of the |K)8torior 
region continues in the same manner until 13| days p.c. Degenerative changes 
are first observable in the cephalic end of th(5 duct, opposite the anterior pole of 
the testis, at 13 days p.c. At 13| days p.c. the ostium abdominale tubs© is 
reduced to a mere blind groove, and the anterior portion of the Mullerian, duct 
has disappeared. Farther back, opposite the posterior half of the testis, the 
duct is present, but is small and shows signs of degeneration. Posterior to the 
testis the duct is at the same stage of development as in the 13^-day p.c. female 
embryo. The Wolffian duct is, however, larger and better developed throughout 
its length than the Miillerian duct. 

At 16 days p.o. the degeneration of the Mullerian duct in the male is more 
advanced, and at 10 days p.c. it has almost disappeared in the testis region. 
The mesenchyme around the Mtillerian duct which forms the ridge that, in the 
female, would develop into the muscle layers of the uterus, degenerates also. 
It first becomes arranged loosely around the duct and then gradually disappears. 
The degenerative changes set in so early in the male that the anterior end of tite 
duct has disappeared before the posterior end has reached its rnaximim 
development. 
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4. Discmdon. 

Many views have been put forward regarding the origin of the rete in both 
ovary and testis. A large number of workers, including de Winiwarter and 
Sainmont in the cat (11), and de Winiwarter in the rabbit (10) and man (12), 
oonsider that outgrowths from the walls of the Malpighian corpuscles unite 
with the sex-cords and give origin to the rete tubules. 

Other workers, including Allen (2) in the pig and rabbit, and in Chrysemys (3) 
trace the rete to peritoneal invaginations. Allen (3) states that the rete in 
Chrysemys is formed by the union of “ funnel-cords (nephrostomial canals) 
with evaginations from the capsules of Bowman. The funnel-cords are derived 
from the '' peritoneal funnels ’’ (nephrostomes) of the Malpighian corpuscles. 
He is inclined to consider the funnel cords as modified sex-cords. Fraser (8), 
in the Marsupials, describes the origin of the rete from a core of cells lying 
within the genital ridge anterior to the germinal rudiment. She considers 
that in Peramcleg, and probably also in Trichosurus and other marsupials, the 
core of cells within the genital ridge is derived from the nephrostomial canals 
of the mesonephros, which loose their connection with both the ccBlomic 
epithelium and the Malpighian corpuscles, and unite into a continuous mass 
of cells. Reference should be made to this paper for a bibliography of the 
subject. Van Beek (4) also traces the rete to the pre-gonal germinal ridge. 

Felix (7), and recently Wilson (9), consider that the rete in the human subject 
origiiiates from the deeply lying cells of the early gonad. This rete blastema, 
therefore, is of coelomic epithelial origin. The rete, on this view, is not derived 
from the Wolffian body, and the union with the Malpighian corpuscles, or 
evaginations from them, is secondary. De Burlet and de Ruiter (6) have 
maintained that, in the mouse, the rete is formed from the longitudinal core 
{Ldngstamm)^ to which the spermatic tubules are attached, and the epithelial 
ridge (EfUMMmm) attached to it. Agduhr (1), however, maintains that, in 
the mouse, the rete is formed by the down-growth of epithelial cords from the 
cranial end of the genital ridge. 

The material described in this paper shows that a nephrostomial funnel is 
formed in connection with each of the mesonephric tubules, which will ultimately 
form part of the epididyiaus or epoophoron. These funnels, open or closed, are 
situated immediately dorso-lateral to the anterior portion of the gonad, in the 
stage immediately before the urogenital connection is established. The end 
of the mesonephric tubule with which the funnel unites is sometimes slightly 
swollen to form a rudimentary capsule of Bowman, but no glomerulus is 
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formed in connection with it. At the next stage the capsules of Bowman are 
difficult to define, and more or less indistinguishable from the nephrostomial 
canal on the one side and the mesonephric tubule on the other. The uephros- 
tomial canals axe becoming detached from the peritoneal epithelium, and at 
the same time they are united with the epithelial nucleus of the gonad by 
strands of cells. These strands appear to grow down as a solid evagination from 
the ventral side of the nephrostomial canal at a point close to its coelomic 
extremity. 

If these strands of cells are formed from the elements of the degenerate 
capsules of Bowman, the condition in the mouse is homologous to that described 
in other animals by de Winiwarter. On the other hand, if they originate from 
the nephrostomial canals, as appears more probable, the condition is akin to* 
that described by Allen and Fraser. It differs from the latter author's chiefly 
in that the rete is formed in the gonad region from nephrostomial rudimeuta 
formed immediately dorso-lateral to it, and not from the region of the urogenital 
ridge anterior to the gonad. It is obvious that the rete tubules are primarily 
united with the mesonephric tubules, and that the union with the germinal 
elements is secondary. These findings are therefore distinctly contrary to those 
of Felix and Wilson. 

The method of formation of the urogenital connection in the mouse, although 
simple in itself, is thus extremely difficult to interpret in the light of other 
mammals. This is due to the small size and rapid development of the gonads 
of the mouse and the vestigial nature of the Wolffian body. 

In view of the fact that, in the mouse, the epithelial proliferation in the gonad 
is not, at first, in the form of cords, no conclusion can be drawn os to the 
homology of the nephrostomial canals and the sex-cords ” described in other 
forms. In the mouse the mesenchyme does not appear to contribute to the 
urogenital union itself, but its down-growth into the gonad results in the 
formation of the mediastinum and breaks the epithelial nucleus of the gonad 
up into spermatic or ovarian cords. 

No connection was observed between the suprarenal primordia and the 
nephrostomes, such as has been described by Fraser and other authors. Indeed,, 
as these, in the mouse, are widely separated by the gonad, the suprarenal onloigre 
being median to it, and the nephrostomes lateral, no relation between them 
could exist. 

The Mullerian duct develops, as stated by Felix (7) and de Winiwarter (12), 
in the human species, as a back-growth of the inner end of t^e ostium abdcmunale 
tubfiD. The similarity in structure of the primordium of the ostium abdominale 
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tubtie to the nephrostomes, and its aimilar position in the urogenital ridge 
dightly anterior to them, suggests that they may be homologous. On this view 
the ostium abdominalc tubae would be a neplirostome which grew and extended 
posteriorly to form the MiiUerian duct. 


5. Summary. 

1. The differentiation of sex is accompanied from the beginning by an increase 
in diameter of the testes as compared to the ovaries. This can be detected by 
comparing the cross-sectional areas of the gonads of embryos from the same 
uterus at and after 11^ days p.c. It can be detected in micro-dissections at 
12J days p.c. 

2. The mesonephros of the mouse is small and non-functional, It is composed 
of about ten mesonephric tubules. No glomeruli are formed, but rudimentary 
capsules of Bowman are represented by slight swellings on the distal ends of the 
tubules. About eight of the moat anterior of these latter are connected with 
the peritoneal epithelium, immediately dorso-lateral to the gonads, by nephros- 
tomial canals. 

3. The urogenital connection is effected by the down-growth of strands of 
cells from the nephrostomial canals which fuse with the epithelial nucleus of the 
gonad and form the rete. The connection is established in the male at 12 
days p.c., and slightly later in the female. 

4. The six to eight tubules united with the gonad by the rete cords form the 
epididymis or epoophoron. The blind posterior tubules form the paradidymis 
or paroophoron; they degenerate completely. 

5. The ostium abdominale tubes arises as an invagination of the peritoneal 
epithelium into the urogenital ridge anterior to the gonad and nephrostomes. 
It is suggested that it may be homologous to the mesonephrostomes. 

6. The Miillerian duct is formed by the growth backwards of the inner end 
of the ostium abdominale tubee, 
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DESCHiraON OF PLATES. 

Guide Lettehh. 

A,, Aorta. A.m.s., A. mesenterica superior. A. umb., A. umbilica. B., Blatlder, B.V., 
Blood vosael. C., Ovarian cortex. T)., Diaphragm. E.T., Tubule of epididymis or 
e}>oophoron. O.C., Genital cord. G.K., Germinal ridge. G.T., Genital tubercle, 
K., Kidney, Lig. O., Ligamcntum ovarii. Lig. T., Ligamentum testis. M., 
Medulla of ovary. M.C., Rudimentary capsule of Bowman. M.D., Miillerian duct. 
Mess, j.. Mesonephric fold (tuhal portion). M.T., Mesonephric tubules. N., Nephros- 
tome. ()., Ovary. O. abd.. Ostium abdominale tuba?. PI. d., Plica diaphragmatica, 
PI. ing., Plica inguinalis. P.U., Pre-gonal region of urogenital fold. R., Rectum, 
R.t., Rote tubules. tS., Ridge formetl by the developing suprarenal and kidney. 
Supr., HiiprarenoJ. S-T., Spermatic tubules. T., Testis. T.R., Tubuli recti of testis. 
Ur., Ureter. V.c.i., \\ cava inferior. V.h.a., V. hemiazygos. W.D., Wolftian dutit, 

Plate 13. 

Pig. 1.—Dissection of 12J-day px, ? mouse embrj'^o. The long narrow ovaries are seen 
attached to the small mesonephric fold. Medial to each ovary is a swelling in the foody 
wall produced by the developing suprarenal bodies and the kidneys. The cephalic 
extremity of each moaoncphric fold, showing the ostium abdominale tubas, i« attached 
to the diaphragm, which is cut across, by the short plica diaphragmatica. X16J. 

Fig. 2.—Dissection of 12J-day p.c. d mouse embryo. The testes ore much thicker in 
proportion than the ovaries of the ? embryo from the same uterus (fig. 1). The loppa 
of the spermatic tubules can be seen as slight ridges on the surface of the testis on the 
right-hand side of the picture. The ureters are seen as two ridges on the doinkl body 
wall, and the inguinal folds are clearly vi8i))le, x 22. 

Plate 14. 

Fjo. L—Dissection of 15-day px. ? mouse embryo. The ovaries are beix^ pushed 
laterally by the developing kidneys, which are now distinguishable from the mxpirp* 
renal bodies. The plica diaphragmatica is long. The ostium abdominale tubee is 
clearly visible. The ligamentum ovarii and plica inguinalis are clearly shown. The 
junction of the tubal portions of the two mesonephric folds to form the genital cord 
is visible just in front of the bladder. In this specimen only one umbiUoal artery 
could be distinguished, x 13 J. 

Pio. 2.—Dissection of 15-day px. i mouse embiyo. The testes are much larger and more 
ovoid than the ovaries of the female embryo from the same uterus (fig. 1). The loops 
of the spenpstic cords can be seen as ridges on the surfaces of the testes. The tes^ 
Oft the right of the picture is approximately ia its original position, font tliat on the 
left is uftdexgoiftg a torsion about the mesonephrid fold and is also being disptaced 
laterally by the developing kidney, x IT^. 
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Responses to Stimulation of the Motor Area of the Cerebral Cortex. 

% 
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D. Denny-Brown, Beit Memorial Research Fellow. 

(Communicated by Sir Charles Sherrington, O.M., F.R.S.—Received 
October 1,1927.) 

(From the Physiological Laboratory, Oxford.) 

[Plates 17 ani> 18 ,] 

In a previous paper on concurrent mechanical and electrical responses to 
stimulation of the motor cortex in the monkey (3), we reported the transmission 
of stimulus rates of 18 to 68 a second. We were unable at that time to carry 
the enquiry farther owing to lack of means of obtaining higher variable rates 
of stimulus. Since then we have improvised apparatus giving higher rates and 
have been able to continue this part of our investigation, using rates up to 290 
a second. The object was to determine the upper limit of rate of stimulus which 
would be transmitted directly to the muscle. We have also been able to collect 
much information as to the effects of low rates of stimulus, latent periods and 
the nature of cortical motor innervation as a whole. 

In the course of the work six further monkeys were used, all small Macams 
Rhesus, Of these two had also been used for experiments having no bearing on 
the present subject and not of a nature to affect our results. The animals 
were prepared as previously described and the muscles from which records 
were obtained were M, brachialis anticus, M, flexor profundus digitorum^ 
M, extensor carpi radialis and M, triceps brachii. 

The stimulation of the cortex was by moans of a unipolar electrode with the 
indifferent electrode on the foot of the same side. Usually we made use of a 
fine stigmatic electrode; but a short, slightly curved strip of silver, 2* 5mm. wide, 
coated electrolytioally with NaCl just before the experiment, was used as 
stimulating electrode a few times. The flat type of electrode was designed to 
sum the effects of a greater number of cortical points, but though occasionally 
giving good results it was found that the fine electrode produced better responyses. 

Several types of apparatus for producing rhythmic series of stimuli were used, 
a torsion wire key gave reliable series of break shocks from 36 to 90 a second; 
above that rate we used most often a rotating commutator with 10 brass sectors, 
and the spaces between filled with vulcanite, giving steady responses between 
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^20 and 300 a second. In the latter apparatus the make shocks were not short* 
circuited, but they failed to stimulate except in a few instances which were easily 
•detected, and our rate of stimulus was calculated from the rate of break shocks. 
A slow rotator gave m series of break shocks up to 15 a second. A coreless coil 
was used with each of these. An inductor alternator with no friction contacts 
was also employed for high rates of stimlus, but as a high potential variation 
was required to cause excitation and conseqxxent escape of the stimulating current 
to the galvanometer record proved troublesome, the use of the machine was 
not continued. 

The records were made as before by means of a torsion wire myograph with 
optical magnification. The galvanometer (Cambridge pattern, 1 • 3 fi. silvered 
quartz string) recorded in the same optical system. The string tension was 
from 2 to 6 mm. per millivolt and the magnification X 390. The leads were of 
Ag. AgCl type in the form of thin pins inserted directly into the exposed muscle. 
The aponeuroses of extensor muscles gave us much trouble by facilitating escape 
of the stimulating current to the string, even after great care in cleaning fascia 
from the surface of the muscle. 

Results.Simulation at High Raie^. 

For the results of very rapid rates of stimulation (120 to 290 a second) we draw 
mainly from two experiments. In the first of these the inductor alternator was 
used and only a few records show absence of escape of the stimulus itself. Our 
deductions were amply confirmed in the second experiment, where the rotating 
commutator was used, and many more reliable records were obtained. In the 
first experiment Brachialis anticus was used and in the second Flexor digitorum 
profundus. 

The actual tensions developed in the mechanical responses have been small, 
only occasionally exceeding about 2,000 gms. and often much lower than this. 
We have no records of a maximal motor response, so that we are unable to say 
what fraction of the mxiscle is responding to cortical stimulation; but by com* 
parison with the cat (4) the maximal response in one of the small wrist muscles 
is probably approaching 3,000 gms. and in Brachialis anticus it would be at least 
twice this tension, so that only a small fraction responds in most experiments. 
This is to be expected from the wide representation of each muscle on the 
Gortex'and the simple connection between each cortical point and the anterior 
hdxn cells. The eleotrical responses were never quite regular, though it was 
generally not difficult to recognise primary waves. In the first experiment, at 
a rate of st^ulation of 90 a second from the torsion wire key, the primary waves 
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follow each shock of the stimulus and there is usually found one secondary wave 
to each primary wave, thus making a total rate of 180 a second. Very 
occasionally there seem to be two secondary waves, so that for short intervals 
the rate is higher, but not much above 200 a second in periods of 1/10 second. 
When the alternator was used at rates of 200 and 220 a second, a few primary 
waves once followed the stimulus for a short interval, but were not repeated. 
From this experiment we concluded that the action currents would usually show 
a rate of about 180 a second and that rates close to this would be followed at a 
slightly higher rate, as was found in the flexion reflex in the cat (Cooper and 
Adrian (2)), when the higher limits were sought for. 

By analogy with the cat one would expect this irregular rhythm of 180 a 
second to appear in a contraction not set up electrically, and in the course of 
this experiment we were able to get a record of a maintained autogenous flexor 
contraction in which the highest measurable rate is 175 a second and the average 
rate over longer periods is very little below this. It is of interest to mention at 
this point that in a maintained autogenous extensor contraction in the short 
head of triceps, the average rate is 140 a second; in places two stimuliyare 
separated by as little as 0*0048 second (206 a second), but this was excej^onal. 

In the second experiment, where the rotating contact breaker provided the 
stimulus, the records are quite uncomplicated by escape, and fugwaater number of 
stimulating rates from the same apparatus were used, varying between 27 and 
290 a second ; these are best dealt with in order. 

27 a Secoml —The records show rexjruitment, and during the recruitment the 
stimulus rhythm is well marked in the electrical response ; as the record pro¬ 
ceeds and the plateau is reached, the secondary waves develop more and more 
and the primary get irregular in size and are not so marked, a total number of 
180 to 200 a second is finally reached. 

83 a Second .—A similar development of the secondary waves is seen during 
recruitment, the electrical response simply follows the stimulation rate in the 
early recruitment; then there is a very obvious doubling of the rate and 
occasionally a trebling, so that a rate of 166 shows clearly, and in places there 
are two secondary waves to each primary and the total rate is raised to about 
waves, 200 a second. 

130 a Second ,—^At this rate the responses follow with irregular secondary 
waves, making a total of 160 to 180 a second. 

160 0 Second ,—The responses follow clearly and fairly regularly (Plate 17, 
fig. 1). 

182 a Second ,—This is the interesting rate as it is tibe higl^ rate at whidbi 
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the electrical rcsponsea follow the stimulus. (Fig. 2 shows short periods of 
regularity. This regularity by no means lasts throughout the record, and the 
rate may vary from about 160 to 190 a second, but in several places it is exactly 
182 a second.) 

2(K) a Second .—At this rate the responses definitely do not follow the stimula¬ 
tion rate, but a half rate is quite clearly seen and secondary waves make up the 
total rate to an average of 160 to 170 a second (fig. 3). 

290 a Second .—The records at this rate are very similar to those at; 200 a 
8e<’-ond, that is, they are irregularly 130 to 170 a second, with signs of half 
rhythm (fig. 4, 285 a second). 

From these results it seems decided that the tiexor muscles of the monkey" 
can respond to rhythmical cortical stimulation by following up to something 
between 180 and 200 a second. At higher rates than this there is generally 
an irregular rhythm of about 180 a second, with a tendency to vshow a half 
rh}’thm, and at lower rates secoiulary waves are introduced irregularly to make 
up the total to about 180 a second. With rates of about 90 a second a regular 
double rhythm may show. 


Stimnlotion at Lotv Rates, 

In our previous paper we used rates of stimulation as low as 18 a second ; in 
the pres(5nt work we investigated the effects of rates down to 4 a second. At 
these low rates the mechanical record always showed a discrete wave in response 
to each stimulus, and recruitment was clearly marked. If the responses were re¬ 
corded on fast plates an interesting picture of the electric responses w^as obtained. 
B’ig. 5 was taken just at the end of recruitment at a stimulus rate of 12*5 
a second, and a comparison of the first and fourth responses shows very clearly 
the development of eight or nine well-marked waves (see also Plate 18, fig. 6); 
the primary waves also develop in size progressively. The size and number of 
secondary waves and the size of the primary waves are in accordance with the 
size of the mechanical response, and this seems very much more noticeable at 
rates below about 20 a second ; above this rate the size of the secondary waves 
more nearly approaches the size of the primary, and their number always tends 
to make the total number up to the limit, so that difficulty is found in picking 
out the stimulating rat(^ at once. 

At these low rates there seems to be a lower limit at which the cortex will 
respond; this limit in one monkey was about 8 a second, in another 4 a second, 
and lower rates gave no responses, even though the stimulation was continued 
for half a minute or more. 

vot. on*—B. 8 
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Fcmlitation and “ Surntmtion Period, 

Tte time which elapses between the onset of the stimulus at the motor area 
and the first appearance of discharge from the final motoneurone we call the 
“ summation period^' to distinguish it from the latent period, which will be 
considered later. The summation period varies in length with the frequency of 
the break shocks in the stimulus, but remarkable constancy is found for any one 
rate of stimulus, provided that at least 30 seconds has elapsed since a previous 
observation. 

If a stimulus be reapplied within 30 seconds after a previous stimulus, the 
summation period is markedly shortened, and this facilitation can be further 
enhanced by again ceasing and reapplying the stimulus. This reduction 
in summation period is often astonishing. When the rate of stimulus was slow, 
6 break shocks a second, the summation period was much prolonged, in 
some cases 20 to 30 seconds, but was shortened from 20 seconds to 0*18 second 
in one case by one facilitation. 

By spacing observations at a minute apart, the facilitation of a response 
by the one before could be avoided, and it is in such a series that the relative 
constancy of duration of the summation period is a marked feature. Thus at a 
stimulus rate of 6 a second in one monkey, the summation period in four con¬ 
secutive observations was 17, 18, 20, and 20 seconds (1 minute intervals); in 
another experiment, periods varying from 26 to 30 seconds were consistently 
found for a rate of stimulus of 6 * 7 a second. In one experiment we determined 
the summation period for a number of rates (photographic measurement), with 
each determination 1 minute interval after the previous observation (the degree 
of anaesthesia was very variable). It will be noted that the periods, which 
are given in Table I, are much shorter for given rates than in the two animals 
mentioned al)ove. 

Table I. 


Kate of stimuli per second. 

1 Summation period. 


Seconds. 

13i 

2 3, 21, 2*2. 

13 

2-3, 3-8, 4-0, 3 0, 3-2, 4-2, 6-6, 6*0. 

10 

6*8. 

9 

7-6, 9*6, 14*8, fl*8, 11-2, 14*0. 

84 

10. 

0 

No response in 30 seconds. 

It is conceivable that with a constant level of anesthesia a definite mathe* 
matical relation between rate of stimulus and summation period could be 
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obtained. We would draw attention, however, to the probability, for which 
reasons are adduced later in the paper, that this period represents not simple 
aocnmiilation of excitation in the Betz cells, but the summation of excitation 
in the face of a rapidly developed inhibition in centres probably subcortical in 
situation. 

Under approximately similar conditions of ansesthesia and with the same 
strength of stimulus we then determined the summation periods of the same 
animal after a subconvulsive dose of strychnine (0*13 mlg. per kilo) (Table II). 


Table II. 


Rate of stimuli per second. 

Summation period. 


Seconds. 

9 

4-9, 4-3. 

6 

10-4. 

4 

No response. 


Thus strychnine almost halves the summation period and also enables a 
response to eummato when the rate of stimlus was too slow to cause any summa¬ 
tion before the injection. The rate or amount of clonic after-discharge was not 
measurably increased. 

Latent Period. 

Distinct from the summation period is the true latent period of the impulse 
when once set up. During a response the time elapsing between the occurrence 
of a break shook at the motor area and the appearance of the first of the resulting 
volleys as an action current in the muscle fibre is measured with ease in records 
where the stimulus rate is slow, and the muscle action currents show a discrete 
wave or series of waves in response to each break shock. 

Our measurements have been made from a minute notch in the galvanometer 
record, corresponding to “ stimulus escape,” to the beginning of the first result¬ 
ing action current. In one animal the latent period averaged 16cr; this is 
considerably shorter than the value of 33 o found by Hoffmann (10) (dog). In 
another animal the average was 14 a. In the latter experiment it was possible 
to measure the diminution in latent period of each impulse as the contraction 
gained in tension. Fig.Gshows 14*2 (t, 14’2a, 13*4cr, 13'2a, 13'2cy audI4'0c 
as the latent periods of six consecutive volleys in one response. After a light 
dose of strychnine this was reduced to an average of 8 - 80 . The latent period 
of the muscle action current in response to a break-shock stimulus to the cut 
motor nerve in this animal under similar depth of amesthesia was 2*5a. 

8 2 
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These latent periods may be compared with the tendon jerk in the cat, which 
has a normal latency of ±5a (Jolly (12), Denny-Brown and Liddell(5), 
Fulton (7)) and a motor nerve latency similar to the monkey. 

We think, however, that it would be erroneous to argue from this evidence 
alone that the path taken by the impulse from the motor area to the muscle 
involves more synapses than a tendon jerk. And indeed, the transmission of 
high rates of stimulus is direct evidence that the contrary is the case. Denny- 
Brown and Liddell (5) have seen the latent period of the tendon jerk markedly 
prolonged by inhibition, and, as will be di8cu8se<l later, there is evidence of 
inhibition having caused the prolongation of the latent period of an impulse 
from the cerebral cortex. The latent period ” measured by Francois-Frank 
and Pitres (6) is obviously the “ sximmation time,” and that these authors 
should find large differences in this period between the motor area and 
corona radiata is not surprising in view of the fact that even a slight 
change in the point stimulated in the motor area causes an alteration. 

The^ General Nature of the Electric Respome- 

The action currents in these experiments follow the stimulus only for short 
series when the stimulus rate has been higher than 50 a second. In each series 
a succession of large ‘‘ primary waves occurs, one in response to each break 
shock at the cortex, and, depending on the rapidity of stimulus rate, secondary 
wavelets are interspersed with the primary waves to make up the total rhythm. 
That this process of “ following having once occurred does not go on for longer 
periods is surprising, and some pains have been taken to determine the character 
of the discharge w^hich takes its place. In many cases the replacement is by an 
irregular succession of small secondary waves with here and there a large 
wave not related to the stimulus. In some records, however, a marked dominant 
rhythm of larger secondary waves makes its appearance, and a short description 
of secondary rhythms is first necessary to explain its significance. 

In our preliminary paper it was pointed out that accentuation of each second 
or each fourth volley in the driven discharge at low rates was a common 
finding, so that the electrical and mechanical records at first eight have in places 
the appearance of being produced by a rate of stimulus one-half or one-fourth 
the actual rate used. This natural accentuation (instrumental causes being 
niled out) is found in places in many of our subsequent records and, indeed, 
is also a common oocurrence in reflex responses in the decerebrate or spinal cat. 
It was also seen that, following the appearance of a clonic rhythm in the 
mechanical response, the action currents took on a rbyl&mical waxing and waning 



Responses to Stimulation of Motor Area of Cerebral Cortex, 229 

of riae height of deflection) corresponding to the beats of mechanical clonus, 

and we had instances when the two types of accentuation of action currents 
(halving and clonus) were superimposed. 

Using higher rates of stimulus, clonus (2 to 10 a second) occasionally appeared 
in the mechanical response, and with it a corresponding rhythm of action 
current accentuation. Halving of the stimulus rate was also cjommon, the * 
interval being occupied by a small primary wave if the response were 
‘‘ following the stimulus, or only by a few secondary waves (asynchronous 
with the stimulus) if it were not strictly following. 

Between rhythms of accentuation which were quite slow, and therefore could 
be called clonus (2 to 10 a second), and halving ” of the stimulus many inter¬ 
mediate rates of accentuation occurred. These accentuations were often 25 
to 50 a second, and their rhythm bore no relation to the stimulus rate which 
was visible all through the accentuation {%s. 1, 2, 3, 4 and 8). These natural 
rhythms were more or less constant in rate for several observations, but 
varied widely over a whole day’s experiment. They are seen typically in the 
records, and parts of records, when the action currents do not follow the rate of 
stimulation. 

This type of rhythm, more or less regular, neither following the stimulus 
rate nor being a submultiple of it and not of instrumental origin, began 
either by direct accentuation of primary waves (figs. 1 and 2) or by 
rhythmic accentuation of an irregular secondary discharge (figs. 3 and 4). The 
dominant rhythm resulting varied from 35 to 60 a second, and instances were 
seen especially often when very high rates of stimulus were used. We can 
advance no reason for its occurrence, but would venture to suggest that it 
bears a relation to that transient dominant rhythm of about 60 a second in 
the eleotromyograra of voluntary effort first observed by Piper (14). 

Clonic After-Discharge. 

Clonic after-discharge presents a number of different forms, each capable of 
transition into another during the outburst, and all types being found in the 
same preparation. No particular cause could be related to any one variety, 
and the only factor common to all forms seemed to be that the exciting 
stimulus was strong. 

The moat usual form of clonus is that of rhythmic beating from 2 to 5 a 
second (figs. 8 and 9) and more rarely as fast as 10 a second. Each beat of the 
donus is an abrupt tetanus of asynchronous volleys at the rate of 160 to 180 
a second* and consists of one or two small volleys, a large volley, and then one or 
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two furtlier small volleys, followed by a long silence until the onset of the next 
outburst (fig. 8). 

The resulting mechanical record consists of a rapid rise of i*enM6e type, a 
short plateau terminating often in a sharp angle ” followed by a rapid relaxa¬ 
tion. The sharp angle is unquestionable evidence of practically simultaneous 
cessation of impulses reaching the muscle (Fulton (7)). This, together with 
the sharp relaxation and the silence of the string, strongly suggests the presence 
of inhibition lasting until the onset of the next beat. The short tetanus often 
shows two or three volleys separated by 1 /25 to 1 /60 second and larger than 
the others, and here the resulting mechanical record shows the fused twitches 
superimposed as in fig. 8. 

By a slowly developing continuous discharge after every second beat, a simple 
clonus often passes gradually into one of half the rate (fig. 10), in which each beat 
now becomes a longer plateau. Or again, the latter variety may begin the 
after-discharge and pass gradually into simple peaked clonus of twice the rate. 
Rarely the whole discharge becomes a convulsant fit, where the troughs of the 
clonic beats are all partially filled in by a residuum of contraction, the whole 
disturbance showing the march of clonic epilepsy. 

Clonic after-discharge does not, in our experience, begin by a beat super¬ 
imposed upon the contraction response, but is invariably ushered in by a relaxa¬ 
tion, in the majority of oases a complete relaxation, of the main response. In 
this respect it closely resembles the primary inhibition which is the first sign 
of the phasic scratch-reflex breaking into a posture under anaesthesia (Graham 
Brown (8)). The relaxation of the main response much resembles the relaxa¬ 
tion of a beat of clonus, and sometimes the tension of the clonic beats is exactly 
the same as that of the response itself, never higher, but usually lower. From 
this it can be deduced that the number of motor units taking part in clonic 
after-discharge is the same or fewer than those part in the direct 

excitatory response. It is considered possible that they are the same 
motoneuTones. 

On a few occasions when we were recording from both flexor and extensor, 
concurrent excitations occtured in both antagonists. In most cases reciprocal 
innervation could be seen to take effect when the combined tensions of the 
antagonists reached values which would indicate stress in the intact limb. 
Concurrent clonus occurring reciprocally in extensor and flexor has been observed 
by jH^vious investigators (Graham Brown and Sherrington (9) ), and we have 
been able to record examples of it. We have one example (fig. II) where the 
onset of each clonic beat was simultaneous in both flmtor and extensor, but it 
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will be observed that the beats, which are multiple, show a reciprocal relation 
in their further course. The flexor beat shows a second discharge raising its 
tension while the extensor merely maintains its tension or shows a fall. 

Concurrent contraction plateaux in two antagonists may indicate that 
fixation of that joint is occurring and the primary movement is elsewhere. 
As our muscles are isolated by paralysis of the remainder of the muscles in the 
limb, we have no evidence to bring forward to support this. It is considered 
more likely, however, that although a reciprocal relatiojiship attends each path 
from the cortex, the usual motor response elicited by a stimulus applied to the 
surface of the motor area is but an algebraical sum of the varying elements 
excited—a double reciprocal innervation from the excitation of antagonistic 
units. 

Discmsion. 

We find the upper limit of the rate at which the spinal discharge will 
follow rhythmic stimulation of the cortex to be about 180 a second. No 
evidence is found for the 10 per second rhythm which Horsley and Schafer (11) 
and Richet (15) considered to limit the discharge of the motor cortex nor of the 
50 per second limit which Hofimann finds for the dog (10), although super¬ 
imposed rhythms of these rates have occasionally appeared. Our results would 
suggest that the limiting factor is of the type found in the flexion reflex in the 
spinal cat, where probably but one synapse is involved. That collaterals from 
the pyramidal tract in the monkey ramify among the anterior horn cells was 
described by Leyton and Sherrington (13), and a direct synaptic relation seems 
most likely. 

The geperal type of response has consistently remained that which was 
described in our previous note, namely, a recruiting ascent with an abrupt 
termination upon cessation of the stimulus. The sloping ascent is clearly due 
to the gradual involvement of more and more units as the contraction develops ; 
it is a true recruitment, not a mere increase in the rate of discharge. In this 
respect and in the gradual development of secondary waves tending to smother 
the driving rhythm, cortical movement has much in common with the reflex 
of crossed extension, and is the expression of excitation developing against 
resistance. While crossed extension has a resistance attributed to multiple 
synapses, another explanation would seem to hold for the cortex. 

The termination of the cortical response is characteristic and the rapid cessa¬ 
tion of discharge and the abrupt fall in tension have been the rule for both 
flexors and extensors in our results. The exception to this type of termination 
is rare and is seen when the origmal response has been a powerful irregular 
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cl(Muc outburst contiuuing when the stimulus ceases. In this case the relaxa* 
tiona from the clonic beats at once deepen with the cessation of the stimulus, 
and a suggestion is given of a regular plateau underlying the original disturbance, 
partially filling up the troughs of the clonus and vanishing with the cessation 
of the stimulus. 

The inevitable relaxation which characterises the onset of clonic after- 
diischarge in our records suggests that the relaoDcUion of the main response per 
se is the exciting cause of clonic after-discharge. Tliat this is not the case, 
however, is indicated by its occurrence in the deafferented muscle. We have 
had the opportunity of recording the responses to cortical stimulation in 
monkeys with a deafferented fore-limb, in the course of experiments with Sir 
Oharles Sherrington, to be published later. Clonic after-discharge and its onset 
retained all the characteristics we have described in the intact animal. 

If the clonus is not peripheral in origin, then it may be profitable to consider 
its resemblance to phases of inhibition followed by rebound. The abrupt 
relaxations and the silence of the string both strongly suggest inhibition as a 
oause, and it is well known that rhythmic discharges elsewhere can be provoked 
by a conflict of inhibition and excitation. 

In a few instances where there has been an initial posture at the time of 
application of the stimulus, an inhibition with a relatively short summation 
period has occurred (fig. 7) and lasted obviously up to the beginning of excita¬ 
tion. That this inhibition should last all through the response is not impossible, 
and is perhaps evidenced by the decreasing latent period of each impulse. Thus 
the long summatibn period, the recruitment, the abrupt termination, and the 
rebound-like appearance of the first beat of clonus would simply be the expres¬ 
sion of the excitation breaking through a background of inhibition, while the 
accumulated excitation later reasserts itself as rhythmic clonus. Bebound as 
explanation of clonus is further supported by an observation of Qraham Brown 
and Sherrington (9) that '' epileptoid discharge in the flexor muscle following 
on stimulation of a flexor cortical point is increased by subsequent stimulation ^ 
of an extensor cortical point, while restimulation of the flexion cortical point 
diminished the epileptoid discharge during the period of the stimulation.’* 

One or two responses without clonus which have shown a momentary terminal 
rebound (figs. 1 and 11} strengthen this view, as this phenomenon in decerebrate 
reflexes is well known to indicate a concurrent inhibition. As there is usually 
no initial posture, owing to the depth of ansssthesia used, there is no iiutiti 
indication of inhibition, but its presence during allreoruitments in these respousae 
is not improbable. Only one of our records shows mamtained discharge foUowing 
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the ceasation of the stimulus and a resulting mechanical response, which 
remains steady at about one-third plateau tension. We suppose that this 
represents the tonic after-discharge described and figured by earlier 
workers (6, 9 and 11), and we consider it evidence of an uninhibited fraction of 
the activated units. 

Fran^ois-Prank and Pitres (6) obtained epileptiform after-discharge unaffected 
by removal of the cortical centres, and we regard this, as well as the close 
resemblance of clonic after-discharge to the well-known clonus in spinal 
mammalian preparation, as true indications that clonus and also probably faster 
dominant rhythms are features whose seat of origin is the spinal grey matter. 

All the evidence is suggestive that the whole form of the response to stimu¬ 
lation of the motor cortex, and the clonic after-discharge characteristic of that 
response, are the outward signs of a conflict of summated excitation and 
inhibition. This conflict, which is not obviously a feature of normal voluntary 
movement, is not unlikely the result of artificial provocation to concurrent 
activity of two naturally opposed groups of minute cells in the mosaic of the 
motor area. One of thes^ groups produces excitation at the final motor neurone 
and the other inhibition. The inhibition so rapidly developed is not merely the 
expression of activity of the antagonist, indeed our double records show the 
resulting impedance in both antagonists at the same time. The inference from 
this we think is clear, that for a given movement the excitatory units and the 
inhibitory units lie microscopically intermingled in the cortex, and, further, that 
representatives of movements in opposite directions are often closely enoi^h 
related anatomically to be excited by the same stimulus. 


Condmiom, 

1. The spinal discharge evoked by cortical stimulation can follow the rate of 
repetition of break shocks in that stimulus up to about 180 a second, indicating 
a very simple synaptic relation between the pyramidal tract and the anterior 
horn cell. 

2. Bates of stimulus above and below that rate usually cause a total electro¬ 
myographic rhythm of 160 to 180 a second. 

Yarying types of grouping of the spinal discharge occur, among them being 
tkct of a doxmnant ’’ rhythm of 35 to 60 a second, with no relationship to the 
rate of stimulus. 

4/ The power of summation of the oortioo-spinal path is well illustrated by 
the retotive oonstancy of the summation period. The comparative stability 
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of that period given it especial value in investigating some aspects of corticfd 
excitability. 

5. The typical motor response to stimulation of the motor area shows signs 
of concurrent inhibition. Reasons are given for l)elievuig that clonic after- 
discharge, epilepsy/* and the forms of the motor response are the result of 
a conflict between inhibition and excitation. 

We wish to express our thanks to the Medical Research Council for defraying 
the cost of six monkeys, and to the Christopher Welch Trustees for a grant 
towards photographic material. 
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DESCRIPTION OF PLATES. 

AU figures read from left to right, and in all except fig. 11 an upward movement of 
myograph lino (thick) means an increase in tension. The tension scale for figs. 1 and 3 is 
indicated on fig. 1 and the scale for figs. 2,4, 5,7,8, 9 and 10 is given on fig. 7. Figs. 6 
and 11 have their own scales. The signals for “ on *’ and “ off *’ for the aUnmlos appear as 
rapid downward displacements of horieontal lines (photographic registration of movement 
of un-Bhortoirouitiiig and re-8h<flrt»ircuiting levers). Time is shown by vertio^ strokes 
the top of each record (Rayleigh wheel), and the intervals for each figure axe given in Hs 
description. 
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Plate 17 ► 

Pio. 1.—Flexor ProfunduB Digitorum, stunulus rate 160 a second (notches in third line 
from bottom indicate every tenth stimulus) from rotating commutator* Time strokes 
1/50 second intervalB. 

Note .—Fleotrical responses follow stimulus rate. Very few secondary waves. 
Accentuation of primary waves to produce a dominant rhythm of about 50 a 
second. Terminal rebound after cessation of stimulus. 

Fia. 2.—Saxne muscle and conditions as fig. 1 except rate of stimulus now 182 a second. 
Time marker 1 /60 second. 

Note ,—Electrical responses follow stimulus rate. Lack of secondaiy waves. Grouped 
accentuation at about 35 a second. 

Fia. 3.—Same muscle and conditions as figs. 1 and 2 except that rate of stimulus is now 
200 a second. Time marker 1/60 second intervals. 

Note ,—^Lack of following of stimulus rate and tendency to show a natural domin¬ 
ant *’ rhythm of about 40 a second, and a corresponding mechanical rhythm of 
about 20 a second. 

Fjo. 4,—Same muscle os figs. 1, 2 and 3. Kate of stimulus 285 a second. Time marker 
1/50 second intervals. 

Note .—Lack of following and natural rhythm of 25 a second appearing. 

Fio. 5,—Flexor Profundus lligitorum of another monkey. Stimulus at 12*6 a second from 
a rotating contact breaker. The beginning of the stimulus was about 1 second earlier. 
Time marker 1/50 second intervals. 

Note .—Large primary waves and gradual development of secondary waves, as the 
plateau is reached. Very little after-discharge and almost complete relaxation 
before the first l>eat of clonus, which in this case is a long slow type. 

Fig. 6,—Same muscle and animal as figs. 1, 2, 3 and 4. Stimulus 13 a second from rotating 
contact breaker. Time marker 1/50 second intervals. 

Note .—Secondary waves in response to each break shock. A minute upward de- 
. flection of the galvanometer string (indicated by arrow) shows instant of applica¬ 
tion of stimulus. True latent periods measured to onset of electrical response. 


Plate 18. 

Fig. 7.—Same muscle and animal as fig, 5. Stimulus 60 a second by torsion key. Time 
inteorvals 1 /5 second indicated by vertical strokes. 

—Preliminary posture, with accompanying action currents in the string, which 
is inhibited about 1 /5 seocmd after the onset of the stimulus. Slow recruitment, 
lack of after-discharge, and rapid relaxation, with clonus at about 6 a second. 

Fig. 8.—Same muscle and animal as fig, 7. More rapidly falling plate. Time marks at 
1 /SO second intervals. Stimulus rate 50 per second by torsion key. 

Note .—Secondary waves making up the rate to 130 a second. Grouping of aocentua* 
tion at about 35 a second. Typical clonic idter-discharge showing the short 
tetanic electric response with silence between beats and angle in meohanioai 
response. 
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Fig. 9.- " Same muscle and animal as fig. 8. Slow stimulus by rotating ooutoct breaker at 
12*5 a second. Time intervals 1/6 second. 
iVo/e.—Long summation period. Mechanical rhythm of stimulus in the slow' 
recruitment and typical lack of plateau aftcr-dischargc, rapid relaxation and 
the usual typo of clonic after-dischargo, 

Fig. 10.—Same muscle and animal as fig. 9. Stimulus 60 a second by torsion key. Time 
intervals 1/6 second. 

A>>0/.~C’ionic after-discharge at 2*6 a second, gradually becoming 1*25 a second. 

Fic. 11.“Lower myograph (pulling upwards) is of Brachialis Antious. Uppc^r myograph is 
Triceps (pulling downwards). Btimulus from torsion wire key at 50 a second. The 
cessation of the stimulus is marked by a signal near the low'er left-hand corner of the 
figure. Time-marker strokes 1 /lO second intervals. 

—Onset of concurrent clonus in the flexor and extensor, with the beginning of 
each multiple beat practically simultaneous in each. Kote reciprocal relation 
of subsequent volleys in each beat. The extensor shows slight terminal rebound. 


Linkage Groups and Chromosome Number in Lathy rus. 

By R. C. Punnett, F.R.8. 

(Received October 4, 1927.) 

After the discovery of linkage of characters in the sweet pea, the question 
naturally arose as to a possible connection between these linked groups and 
the cliromosomes. It was realised that a definite contribution would be made 
to such an inquiry if it could be decided whether the groups showing linkage, 
together with characters exhibiting independent assortment, were more 
numerous than the haploid number of the chromosomes, or not. With the 
advent of several fresh and easily worked characters, a definite series of 
experiments with this object in view was started in 1908, and since that time 
the work has giadually been extended as further favourable characters were 
met with.’*' While it was in progress the question at issue was definitely decided 
in the case of the little fruit fly, Drosophila mdanogaster. The rapidity and 
ease with which this material could be bred placed it beyond a doubt that 
the number of linkage groups is here the same as the haploid number of the 
chromosomes, viz., 4. Hitherto, however, Drosophila has in this respect 
remained unique. 

Of recent years a considerable amount of work has been done in con¬ 
nection with linkage groups in plants, notably in Pisum, Antirrhinum, maize, 

♦ For some aocoimt of the work up to 1922, see * Joum. Gen.,’ voL 13, pp, XOl-123 
(1923). 
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wheat and barley, but in no case is progress yet sufficient to allow of a 
categorical statement; and, indeed, there would appear to be an inclination 
on the part of some workers, notably among those with Pimm, to recognise a 
number of linkage groups and independently assorting characters greater than 
the haploid ntmiber of the chromosomes. For hithyms, however, the first 
species in which investigations of this natun; were planned and begun, a definite 
answer has at last been obtained. 

During the 20 years over which the work has extended, 19 characters have be(m 
made use of, and with relatively few exceptions each of these characters has 
been crossed with every other one. Tn many cases also both types of mating— 
viz., the AB X ab type as well as the Ab X aB type—have been made, 
especially in cases where the distribution was siiidi as to make the existence 
of linkage appear doubtful. There arc, of course, more than 19 characters in 
the sweet pea which arc known to exhibit ordinary Memlelian segregation, 
but many of these, such as the finer shades of flower colour and the tint of the 
plastids, are unsuitable for work in this connection. Only such characters were 
used as were, in their various combinations, readily distinguished in the field. 
These characters, of which about one-half were structural, were as follows :— 

A, Purple—red* flower colour. 

Aa Long—round pollen. 

Frect"~~hood flower shape. 

Bj Dark—light axil. 

Bjj Fertile—sterile anthers. 

Bg Normal—cretin flow(T. 

Di Tendril—acacia leaf. 

Dg Bright—dull flower colour. 

Dg Self—^flake flower pattern. 

D4 Hairy—glabrous. 

D5 Deep—picotee flower shade. 

E TalD-dwarf (cupid). 

Fj Colour—R-white. 

Procumbent—erect (bush) habit. 

Fg Self—marbled flower pattern. 

Gi Colour—C-white. 

G2 Purple—copper flower colour. 

G3 Full—dilute (mauve) flower shade. 

H Clamped—open (Spencer) keel. 

♦ The dominant member of the pair is given first throughout. 
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In the above list* the various characters have been denoted by one or other 
of the seven letters A, B, D, E, F, G, H. The characters grouped under a given 
letter are characters which exhibit linkage towards one another---e,^., the 
three pairs dark—flight axil (Bi)^ fertile—sterile anthers (Bj), and normal—cretin 
flower colour (Bg), all show linkage with one another and are presumably 
located in the same chromosome. On the other hand, the members of groups 
denoted by different letters have now been definitely proved to show inde¬ 
pendent assortment towards one another, and must therefore be supposed to 
be located in different chromosomes. 

As the list indicates, there are five linkage groups, of which one (D) contains 
five members, while the other four (A, B, P, G) contain three members each. 
Besides these five groups there are two characters (E and H) which have 
hitherto shown no linkage, either with one another or with any other of the 
characters investigated. Hence the number of the linkage groups together with 
the freely assorting single characters is seven, which is the same as the haploid 
number of chromosomes. We have now a plant as well as an animal in which 
this fundamental postulate of the chromosome theory is fulfilled. 

In the present note a brief outline only of the case has been given, leaving 
the detailed evidence for later publication, when the strengths of certain 
linkages have been determined by experiments now in progress. 

* A deacnptiou of the variouB cbaraoters in the above list will be found in * Bibliogn^pb. 
Genet.; vol, 1, pp. 69-73 (192S). 
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Address of the President^ Sir Ermst R'uiherfordy O.iHf., o;t the 
Anniversary Meeting, November 30, 1927. 

At this Anniversary Meeting we are naturally conscious of the losses suffered 
by our Society dxiring the year. These include thirteen of our Fellows and 
three Foreign Members. We have also to record the loss of one of our Fellows 
under Statute 12, Edward Cecil Guinness, Earl oe Iveagh, elected 1906. 

Sir William Augustus Tii.den passed away on December 11, 1926, in his 
86th year. He was appointed Professor of Chemistry and Metallurgy in the 
Mason College, Birmingham, in 1880, and in 1894 became Professor of Chemistry 
in the Royal College of Science ; he retained this latter position until his retire¬ 
ment in 1909. Much of Tilden's early work was concerned with the terpenes, 
and he was the first to show that the hydrocarbon, isoprene, undergoes poly¬ 
merisation with formation of caoutchouc. His Bakerian liccture in 1900 
dealt with the relation between atomic weight and specific heat, and he was 
awarded the Davy Medal in 1908. A man of many accomplishments and a 
courtly gentleman, he gained the affection and esteem of all with whom he 
came in contact. 

J. J. Lister made his mark in the science of Zoology by his important dis¬ 
coveries on the life-history and morphology of the Foraminifera and by his 
contributions to our knowledge of Mycetosoa. During his travels in the 
Pacific Ocean he made many valuable additions to our knowledge in several 
branches of the science and enriched our collections of the organisms that 
construct coral reefs. His father and grandfather were Fellows of the Royal 
Society, and his uncle, Lord Lister, was formerly our President, 

Sir George Grebnhill, for more than 30 years professor at the Royal Artillery 
College, Woolwich, was a mathematician of distinction and one of the foremost 
authorities on the science of ballistics. He especially excelled in the applica¬ 
tion of djmamics to the practical problems of everyday life, where his interests 
ranged from aeroplanes and ships to spinning-tops. 

Arthur Willum Crossley was taken from us at the early age of 58 years. 
He was sucoeesively Lecturer in Chemistry in the Medical School of St. Thomas’ 
Hospital, and Professor of Chemistry to the Pharmaceutical Society and to 
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King’s College, London; as an accomplished organic chemist he contributed 
much to our knowledge of the hydro-aromatic compounds. On the outbreak 
of war, Crossley threw himself whole-heartedly into the national effort and 
became the first Secretary to the Advisory Committee of the Trench Warfare 
Department; he was given the rank of lieutenant-colonel, E.E., and undertook 
the organisation of the newly founded Experimental Station at Porton, a task 
which he performed with conspicuous success. After the war he became the 
first Director of the Shirley Institute, Manchester, the home of the research 
association dealing with the cotton industry. The results of Crossley's marked 
ability as an initiator of organised scientific effort will long remain as a memorial 
to a brilliant leader. 

Ernest Henry Starlino, who died at the relatively early age of 63 years, 
was the first of the Royal Society’s Research Professors, being appointed 
first Foulerton Professor in 1922. For more than 30 years Starling has been 
recognised as an outstanding figure in Physiology, and the investigations which 
he carried out with energy and enthusiasm have effected a clarification of 
knowledge and a new orientation of ideas concerning a succession of the most 
important functions of the body. His earliest studies, made like so many later 
ones in co-operation with his great friend and scientific partner, the late Sir 
William Bayliss, were directed to analysis of the action of the mammalian 
heart. 

Though his activities were for many years diverted to other problems, his 
interest in the heart and the factors regulating its function remained with him 
always, and became again effective in his later years in a series of masterly 
researches. These he carried out, with a succession of able colleagues and 
pupils, on the mammalian heart, isolated by a method of his own devising, from 
the vessels of the major circulation, and performing its function under con¬ 
ditions which allowed the rate at which the blood entered the heart, and the 
resistance encountered in its ejection, to be artificially controlled—^the well- 
known “ heart-lung preparation,” 

In the intervening years ho had completed and published, largely with 
Bayliss, a series of researches in which the physical laws governing filtration, 
diffusion and osmosis through membranes were applied to explain the forma¬ 
tion and absorption of lymph. There followed further co-operative investi¬ 
gations with Bayliss on the movements of the intestinal walls, their co-ordina¬ 
tion by the local nervous plexuses and their general control by the central 
nervous system, and then—most famous, probably, of all their joint researches-^ 
their work on the stimulation of pancreatic secretion following the discharge 
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of the stomach contents into the small intestine. This led to the discovery of 
" secretin ” and the formation of general conceptions of the control of bodily 
functions by chemical messengers or " hormones," embodied in Bayliss and 
Starling’s joint Croonian Lecttire before this Society. 

During the war and the years immediately following it, Starling gave his 
whole energies to the service of the State, as director of investigations on defence 
against chemical warfare, as chemical advisor to the army at Salonica, and later 
as chairman of the Royal Society’s Food Committee, Scientific Adviser to the 
Ministry of Pood and British Scientific Delegat{^ to the Interallied Pood 
Commission. 

When his thoughts and activities were at last free to return to their own 
natm*al channels, he began a large and exacting series of investigations in 
which he combined some of his earlier methods to study the formation of 
urine under conditions artificially controlled and varied. These researches with 
many which grew from them, he continued to prosecute during his tenure of 
the Poulerton Professorship. He enjoyed the assistance and collaboration of 
a succession of able colleagues and of visiting workers from many countries, 
eager to learn his methods and to imbibe his ideas. It might have been hoped 
that the new conditions of freedom from the responsibilities of administration 
and formal teaching would have enabled him to conserve his physical powers ; 
but Starling’s restless energy and burning enthusiasm forbade all thought of 
relaxation, till at length a physique, weakened by illness, broke under the 
strain. 

By Starling’s death the Royal Society has lost not only a great investigator 
who has rendered one of its Chairs illustrious by his brilliant record of research 
as Poulerton Professor, but a Fellow who has been generous of efficient service 
to the Society on its Council and its Committees, who has been proud of its 
traditions and jealous for its fame and prospearity. He was awarded a Royal 
Medal in 1913. In and beyond this Society he was a stalwart champion of the 
claims of research and of the interests of his scientific colleagues. Physiology, 
above all, was the central interest and enthusiasm of his life. In its faithful 
and single-minded pursuit he had always one end in view; this, to quote from 
hifl own beautiful Harveian Oration was “ to attain to a comprehension of the 
* wisdom of the body and the understanding of the heart,’ and thereby to the 
mastery of disease and pain, which will enable us to relieve the burden of 
mankind." 

By thedeath of OOsta Mittag-Leffleb, mathematical science lost one of its 
outstanding figures, one who played a notable part in the great development of 
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the Theory of Functione which occurred in the latter half of the last century. 
Even more memorable, perhaps, than his additions to the growth of knowledge, 
was his foundation of the ActAi Mathe^natica in 1882, a journal which he con¬ 
ducted with loving care for over 40 years to the inestimable benefit of mathe¬ 
matical science. Ho will be long remembered for his critical studies in the 
history of mathematics, for his activities at international gatherings, and for 
his outstanding personality, 

Heney RicHAEDSOiif Peooter, who died in his 80th year, was head of the 
Procter International Research Laboratory of the University of Leeds. His 
laboratory, as its name implies, was built by subscriptions from all over the 
world, to further'by fundamental scientific research the advance of leather 
technology, and to commemorate Prof. Procter’s unique services in the leather 
industry. 

Prof. W. Burnside was Professor of Mathematics at the Royal Naval 
College for over 30 years. Of much originality and power as a mathematician 
and distinguished as a teacher, his contributions to mathematical knowledge 
covered a wide variety of subjects, his earlier papers dealing mainly with 
hydrodynamics and waves, a large number of later papers with the Theory of 
Functions, and his more mature work with the Theory of Groups, a subject 
with which his name will always be associated. His book The Theory ofOroups^ 
first published in 1897 and again in 1909, is a standard exposition of the subject, 
much of it the result of his own researches. 

Sir Arthur Shipley was in his early years a well-known contributor to the 
scientific journals on Parasitology, but when appointed to the Mastership of 
a C^ambridge College and involved in the administrative duties of the University, 
he devoted his great organising powers to the wider dissemination of scientific 
truths and to the application of biological knowledge to the solution of problems 
in Agriculture and Fisheries. 

As a scientific adviser to several Gbvernment Departments, as Chairman of 
the Marine Biological Association, and in many other activities, he rendered 
most valuable assistance to the promotion of Science and the welfare of the 
commxmity. 

The death of Prof. A. LiVERSiDOK,in his 80th year,removes one of the pioneers 
of scientific education in one of our great Dominions. At one time Demonstrator 
of Chemistry in Cambridge, he was elected in 1873 to the Chair of Chemistry in 
the University of Sydney, and held this post for 36 years. He was active in 
promoting scientific and technical education in Ausfaralia and was lai^ly 
responsibie for founding the Australasian Association for the Advancement of. 
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Science, which has been of signal service in bringing together the widely scattered 
scientific workers. An ardent collector of minerals and meteorites, his scientific 
contributions were mainly connected with experimental mineralogy. On 
his retirement he resided in England, where he had a wide circle of friends. 

William Einthoven, for 42 years Professor of Physiology in the University 
of Leyden, Nobel Laureate in Medicine, was elected a Foreign Member of the 
Society in 1926, His long scientific career was devoted to the invention and 
perfecting of physical apparatus of the greatest delicacy and precision for the 
record and analysis of processes occurring in the living body or having a 
physiological interest. His string galvanometer, originally devised for record¬ 
ing the fleeting electrical changes which accompany the difiorent stages of the 
beat of the heart, and now in world-wide use in hospitals as well as physiological 
laboratories, has also found application in a wide range of purely physical 
investigations. 

The scientific world deplores the loss at the age of 67 of Svante Aekheniijs, 
Foreign Member and Davy Medallist of our Society and Nobel Laureate. 
Shortly after his graduation he published, in 1889, a famous paper in which he 
advanced the theory of ionic dissociation to explain the properties of electro¬ 
lytes. This theory, and the modifications of it proposed from time to time, 
have stimulated an enormous amount of research in all lands, and indeed 
Arrhenius may justly be regarded as one of the founders of modern Physical 
Chemistry. A man of wide scientific interest and almost encyclopeedic know¬ 
ledge, he made valuable contributions in many branches of science. As Director 
of the Nobel Institute in Stockholm he guided an active school of research, not 
only in problems of physical chemistry but in the application of physico-chemical 
ideas to physiological and biological problems, particularly to serum-therapy. 
Nor must we omit an excursion into the realm of cosmical physics, where he 
brought his wide knowledge to bear in interesting speculations on many subjects, 
such as the cause of variations of the earth's climate, the origin of our solar 
system and the dissemination of life throughout the universe. A man of force¬ 
ful personality, of courageous and original mind, his early death will be mourned 
by a wide circle of friends throughout the scientific world. 

Henby Maetyn Taylob was known to many generations of mathematicians 
as Tutor and Lecturer of Trinity Colley, Cambridge. Failing eyesight restricted 
his activities in middle age, and after his sight was completely lost he devoted 
himself with energy to the preparation and publication of embossed books for 
the blind. Courageous in adversity, he continued to take an active part in 
public alfairs and was Mayor of Cambridge and for many years a Magistrate. 
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In theae notices I should like to include the name of Ai A* Lawson, at one 
time Lecturer in the University of Glasgow and later Professor of Botany in 
the University of Sydney, who was a Selected Candidate for our Fellowship, 
but died before the date of formal election. His tenure of the professorship in 
Sydney was marked by the erection of a new Botanical Institute, which was 
opened in 1926 shortly before his death. A botanist of distinction and a worker 
in many lands, he made contributions to our knowledge in cytology and the 
morphology of the gymnosperms, and developed in Sydney an active school of 
research. 

Turning to other matters, I would like to say a few words on some events in 
the past year of special interest to the welfare of our Society. In 1925, Messrs. 
Brunner, Mond & Co. gave a grant of £500 for three years towards the publica* 
tion fund. In substitution for this grant, Sir Alfred Mond, on behalf of Imperial 
Chemical Indastries, Ltd., has this year given a grant of £1,000 a year, until 
further notice, to help meet the deficit in the publication funds. This is a very 
welcome gift to the Society in a direction where help is much needed. Not 
only has the cost of printing greatly increased since the war, but there has been 
a notable increase in the number of papers published by the Society. This 
is specially marked in the 'A Proceedinp,^ where, in place of one or two 
volumes per year before the War, three or four volumes now appear, the separate 
numbers being issued with promptness and regularity. 

On the Biological side, where the process of differentiation into separate 
subjects has probably gone further, the healthy and progressive activities of 
the specialist societies, which the Royal Society regards with pride as its 
children, has prevented so large an expansion in our published Proceedings. 
The expansion on this side of the Society’s activities is more clearly shown in 
the ‘ Philosophical Transactions,’ where the Society is able to do the important 
service to science of issuing large and elaborately illustrated monographs, the 
publication of which would be beyond the scope or the resources of the 
specialist organisations. 

Anyone who reads our ‘ Proceedings ’ cannot fail to be impreseed in general 
by the great variety and importance of the papers appearing in them. In some 
respects our Society is now the most important medium of publication of 
papers in Experimental and Theoretical Physics and Physical Chemistry in 
this country. This development of the Society’s activity owes much to the 
energy and devoted work of the Physical Secretary, Dr. Jeans, This growth has 
in many ways thrown a heavy burden on some of the Fellows of our Society, for 
it is to be remembered that in general each paper has to be reported on favour^ 
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ably by one or two referees before it is accepted for publication. This difficult 
work of adjudication has been undertaken uncomplainingly by our Follows, 
and we are grateful to them for invaluable help in this important matter. 

While the growth of the ‘ A Proceedings ' and their punctual publication has 
led to a marked increase in the sales, there still remains a deficit, which is in part 
met from the residue of the Government Grant but mainly by special grants in 
aid from the Messel and Mond Bequest Funds. In no way can our Society 
be more helpful to the progress of science than by prompt publication of records 
of important original work, and it would be a great advantage if our Society 
could have at its disposal ample funds specially allocated for this important 
purpose. 

During the last few’ years, your officers have given much thought to methods 
of improving the attendance of Fellows at the ordinary meetings. While 
S|)ecial lectures and discussions, and many of the ordinary meetings, are in 
general well attended, there are occasions when important and interesting papers 
are read before a very small audience. Quite apart from the painful impression 
left on the presiding officers, the sparse attendance has inevitably a discouraging 
effect on the reader of the paper, particularly, as is often the case, if he has come 
from a distance and spent much time and trouble in order to present the subject 
matter of his paper in an interesting way. With a view to improvement, the 
Secretaries in recent years have endeavoured to choose a group of related 
papers of special interest for reading and discussion at a particular meeting. 
While this to some extent has been successful in its purpose, no one who has 
the interests of the Society at heart can feel entirely satisfied with the present 
state of affairs. 

It is only by the co-operation and goodwill of our Fellows that we can hope to 
remedy this defect in our meetings. If only a small fraction of our Fellows 
who have a special knowledge of the subject matter of the group of papers to 
be read at a particular meeting, made a point of attending, we could be sure of 
an interesting meeting and discussion, profitable alike to all concerned. I 
would, therefore, urge on our members the duty of attending as far as possible 
the meetings of our Society, even though it may involve some sacrifice of their 
time and energy, and even of their inclinations. 

In the early days of our Society it was customary for members and their 
friends to perform experiments of special interest l>efore the Fellows, quite apart 
from any question of publication of the results. We know from the history of 
our Society the importance attached to such demonstrations and their value in 
diseeminatmg information in various branches of science. This custom 
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gradually fell into abeyance, probably as a result of the ever-increasing specialisa¬ 
tion of the sciences, and apart from the Soirees, it is only on special occasions 
in recent years that experimental demonstrations have been made at our 
meetings. 

It has occurred to some of our members that it would be a definite advantage 
to the Society if the old custom were revived, and the members encouraged to 
show experiments of special interest and novelty during tea-time, before the 
beginning of the ordinary meeting. There can be no doubt that such demon¬ 
strations would add greatly to the interest of the meetings and might indirectly 
help to increase the attendance during the reading of papers. 

In order to give this suggestion a fair trial, portable demonstration tables 
have been placed in the tea-room with connections for water, gas, and electric 
ouirent. In every branch of science, and particularly in the biological sciences, 
there must be many simple experiments and preparations which can readily 
be shown in such an extemporised laboratory—demonstrations that would 
prove of interest not only to the specialist but to the Society in general. I 
trust that our Fellows will not only avail themselves of these facilities but also 
encourage their scientific friends to do so. 

In the short time at my disposal, I would like to make a few remarks on the 
results of investigations carried out in recent years to produce intense magnetic 
fi^ds and high voltages for general scientific purposes. In the past our 
laboratories have had to be content with the comparatively weak magnetic 
fields provided by the ordinary electro-magnets and the voltages supplied by 
simple electrostatic machines and induction coils. In order to push further our 
investigations in many directions, much stronger magnetic fields and higher 
voltages are required in the laboratory. Scientific men thus naturally follow 
with great interest advances in these directions, whether undertaken for purely 
scientific or for technical uses. 

By means of modern electrostatic machines, it is not difficult to produce 
weak direct currents at potentials from 200,000 to 300,000 volts, while a large 
well-insulated induction coil can give momentary voltages of a similar 
magnitude. The wide use of X-rays for diagnostic and therapeutic purposes 
has led to a marked improvement in apparatus for exciting intense X-rays, 
The requirement of very penetrating X-rays for deep therapy in our hospitals 
has led to the construction of comparatively light transformers, which will 
supply the requisite small currents at voltages between 300,000 and 600,000. 

One of the simplest ways of producing very high voltages is by the Tesli^ 
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transfonner, in which the oscillatory discharge of a Leyden Jar is passed through 
the primary of an air transformer. In this way it is not difficult to produce 
voltages in the secondary of the order of a million volts, and I understand 
as much as five million volts have been obtained in the Carnegie Institute at 
Washington, The striking effects produced by these rapidly oscillating 
discharges from a Tesla coil, and the immunity with which long sparks may be 
taken through the body, are well known to all. The rapid frequency of the 
oscillations and the comparatively small energy given to the secondary of a 
Tesla coil has, however, restricted its use for general technical purposes as a 
source of high voltages, although it is now finding an application for the testing 
of insulating materials. 

In order to transmit electrical power economically over long distances, there 
is a continuous tendency to raise the voltage in the transmission lines. This 
increase of the operating voltage has led to the need of very high voltages to 
test the insulating properties of these lines and their transformers and the effect 
of electric surges in them. In the course of the last few years a number of 
high-voltage plants have been installed for testing purposes in various countries, 
which give from one to two million volts. These voltages may be obtained 
either by a very large well-insulated power transformer or more generally by a 
cascade method employing several transformers in which the secondary current 
of one transformer passes through the primary of a second, and so on, the cores 
of the successive transformers being mounted on insulating pedestals. This 
cascade method is very advantageous for the purpose, since it allows a great 
reduction in weight and dimensions of the transformers, Such a high-tension 
plant in full operation is a striking sight, giving a torrent of sparks several 
yards in length and resembling a rapid succession of lightning flashes on a small 
scale. Actually the highest voltage so far obtained by these methods is very 
small compared with the voltage in a normal lightnmg flash from a cloud to the 
earth, where the difference of potential may be as high as a thousand milbon 
volts. 

There appears to be no obvious limit to the voltages obtainable by the cascade 
arrangement of transformers, except that of expense and the size of the building 
required to install them. I am informed that the General Electric Company, 
of Schenectady, have a working plant giving 2,800,000 volts (max.) and hope 
soon to have ready a plant to give 6 million volts. 

While no doubt the development of such high voltages serves a useful 
technical purpose, from the purely scientific point of view interest is mainly 
on the application of these high potentials to vacuum tubes in order to 
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obtain a copious supply of high-speed electrons and high-speed atoms. Sa 
far we have not yet succeeded in approaching, much less surpassing, the succesa 
of the radioactive elements, in providing us with high-speed a-particles and 
swift electrons. The a-particle from radium C is liberated with an energy of 
7-6 million electron volts, it has the energy acquired by an electron in a 
vacuum which has fallen through this difference of potential. The swiftest 
p-rays from radium have an energy of about 3 million electron volts, while a 
voltage of more than 2 million would be required to produce X-rays of the 
penetrating power of the y-rays. 

The application of high voltages to vacuum tubes presents serious technical 
problems, but a vigoroxis attack on this side of the question has been recently 
undertaken by Dr. Coolidge, whom we are glad to welcome as one of our 
Medallists to-day. In 1894, Lenard made the discovery that high-speed 
cathode rays generated in a discharge tube could be transmitted into the open 
air through a very thin window, and made many important observations on 
the laws of absorption of these swift particles. The voltage used to accelerate 
the electrons in these experiments seldom exceeded 80,000 volts and the rays 
were stopped in passing through a few inches of air. Taking advantage of the 
great improvements in vacuum technique and the ease of supply of electrons 
from a glowing filament, Dr. Coolidge has constructed an electron tube which 
will stand 300,000 volts, the rays passing into the air through a thin plate of 
chrome-nickel-iron alloy about 0-0005 inch thick. 

It has not so far been found practicable to apply much more than 300,000 
volts to a single tube, on account of the danger of a flash over, due possibly 
to the pulling-out of electrons from the cathode by the intense electric field. 
For the application of still higher voltages, a number of tubes are arranged in 
series and communicating with one another, the fall of potential in each being 
about 300,000 volts. In these preliminary experiments, a large induction coil 
has been used to generate the voltage. So far experiments have been made 
with three tubes in series and 900,000 volts, giving a supply of electrons corre¬ 
sponding to one or two milliomperes through the thin window in the last tube. 
This gives an intense beam of high-velocity electrons, which spreads out into a 
hemisphere, due to the scattering of the electrons in passing through the metal 
window and the surrounding air, extending to a dii^noe of about two metres 
from the window. Marked luminous effects are produced in the air itself and 
in phosphorescent bodies placed in the path of the rays. I am informed by 
Dr. Coolidge that further ej^riments are in progress and it is hoped to extend 
the system for still higher voltages. 
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While the energy acquired by the individual electrons in falling through 
900,000 volts is smaller than that possessed by the swifter ^-particles expelled 
from radium, the number emitted from the electron tube is very much greater ; 
for example, the number of electrons per second corresponding to a current of 
2 milliamperes is equivalent to the number of jj-rays emitted per second from 
about 150,000 grammes of radium in equilibrium. 

While important progress has been made in artificially producing streams 
of swift electrons, there is still much work to be done before wo can hope to 
produce streams of atoms and electrons of a much higher individual energy 
than the a or p-particle spontaneously liberated from radioactive bodies. As we 
have seen, the a-particle from radium C is initially expelled with an energy 
of about 8 million electron volts. So far the a-parricle has the greatest individual 
energy of any particle known to science, and for this reason it has been in¬ 
valuable in exploring the inner structure of the atom and giving us important 
data on the magnitude of the deflecting field in the neighbourhood of atomic 
nuclei and of the dimensions of the nuclei. In case of some of the lighter atoms, 
the a-particle has sufficient energy to penetrate deeply into the nucleus and 
to cause its disintegration manifested by the liberation of swift protons. 

It would be of great scientific interest if it were possible in laboratory experi¬ 
ments to have a supply of electrons and atoms of matter in general, of which 
the individual energy of motion is greater oven than that of the a-particle. 
This would open up an extraordinarily interesting field of investigation which 
could not fail to give us information of great value, not only on the constitution 
and stability of atomic nuclei but in many other directions. 

It has long been my ambition to have available for study a copious supply 
of atoms and electrons which have an individual energy far transcending that 
of the a and ^-particles from radioactive bodies. I am hopeful that I may yet 
have my wish fulfilled, but it is obvious that many experimental difficulties 
will have to be surmounted before this can be realised, even on a laboratory 
scale. 

We shall now consider briefly the present situation with regard to the pro¬ 
duction of intense magnetic fields. Electro-magnets are ordinarily employed 
for this purpose and the magnetic fields obtainable are in the main limited 
by the magnetic saturation of the iron. By the use of large electro-magnets and 
conical pole pieces, the magnetic induction can be concentrated to some extent.. 
For example, in ihe large Weiss electro-magnet, a field of 80,000 gauss can be 
obtained over a volume corresponding to about a pin’s head, and a field of 
about 60,000 gauss through a volume of about 20 cubic mm. In general,. 
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however, most experiments have been restricted to fields less than 35,000 
gauss. 

In order to push this method of obtaining magnetic fields to the practical 
limit, Prof. Cotton, of Paris, has designed and has under construction a very- 
large electro-magnet. The cross-section of the iron will be of the order of one 
square metre, and about 500 kilowatts will be required to excite it. Such a large 
electro-magnet will not give a much stronger maximum field than existing ones, 
but will produce a field of given intensity through a larger volume. No doubt 
this electro-magnet will prove very useful in experiments where steady fields of 
high intensity are required through a reasonable volume. 

In order to provide magnetic fields of the order of half a million gauss, the 
use of the electro-magnet must be abandoned. Some years ago, Dr. Kapitza 
sixggested that intense momentary magnetic fields could bo obtained by sending 
* very strong current through a coil for such a short interval that the heating 
effect in the coil is restricted to a permissible value. It is well known that 
momentary currents of great intensity can be produced by the discharge of a 
large high-voltage condenser through a coil. Experiments of this kind have 
been made by Dr. Wall, in which the duration of the discharge was of the order 
of one-thousandth of a second. It is estimated that in this way a field of about 
200,000 gauss may be reached. 

In his experiments to obtain intense magnetic fields, Dr. Kapitza at first 
employed a special form of accumulator to send a very strong current through 
« coil for about one-hundredth of a second, the current if necessary being sharply 
broken after this interval In this way it was shown to be practicable to carry 
out experiments on the Zeeman effect, and in bending a-partioles in magnetic 
fields considerably stronger than those obtainable with ordinary methods. 
In subsequent experiments, a generator of special design was installed, which 
gives a very large current, of the order of 70,000 amps, at 2000 volts when 
ahort-circuited. A heavy current from the generator is passed for about 
one-hundredth of a second through a coil and then sharply broken by means 
of a specially designed automatic break. By this means very strong momentary 
<jurrentB can be produced. 

The main difficulty in these experiments has been to construct a coil strong 
enough to withstand the enormous disrupting forces which arise when a large 
current is passed through the coil. By special attention to the design, a coil 
has been constructed which gives a field of 320,000 gauss over a volume of 
about S c.cm. without any signs of fracture. Measurements have been regularly 
carried out in fields of this magnitude. It is anticipated that the present design 
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of coil will give about 600,000 gauss before bursting, and that still higher fields, 
can be obtained in coils specially constructed for the purpose. An accoimt 
of these experiments has recently been published in the Society’s Proceedings. 

As the current only lasts about one-hundredth of a second, oscillograph 
methods have to be employed to determine the strength of the current and 
magnetic field. There seems to be no inherent diflSculty in conducting magnetic 
experiments in these momentary fields, for the shortness of the time available 
is in many cases compensated for by the magnitude of the effects which arise 
in such intense fields. 

The investigations, which have been carried out in the Cavendish Laboratory, 
Cambridge, have been made possible by the generous support of the Department 
of Scientific and Indxistrial Research, which has defrayed the cost of the 
apparatus and experiments. 

The application of these new methods of producing intense fields opens up 
a wide region of research, where all magnetic properties can be examined in 
fields 10 to 20 times stronger than those hitherto available. Such researches 
cannot fail to yield results of great interest and importance and to advance 
our knowledge of magnetic phenomena. 

While the application of external magnetic fields of the order of one-million 
gauss will no doubt markedly perturb the orbits of electrons in the outer 
structure of the atom, it is not to be anticipated that it will seriously affect 
the stability of atomic nuclei. General evidence indicates that the magnetic 
fields within the nucleus are much too gr(^t for such a relatively weak external 
field to cause a disruption of the nucleus. In this direction, the bombardment 
by high-speed particles is likely to be far more effective than the strongest 
magnetic field we can hope to generate. 

The advance of science depends to a large extent on the development of new 
technical methods and their application to scientific problems. The recent 
work to which I have referred, on the development of methods of producing 
high voltages and intense magnetic fields, is not only of great interest to scientific 
men in itself but promises to provide us with more powerful methods of attack 
on a number of fundamental problems. 

The Copley Medal is awarded to Sir Charles Scott Sherrington, O.M,, my 
immediate predecessor in this Presidential Chair. 

Sherrington early chose as the special field of his investigations the physiology 
of the central nervous system. To this, during some thirty years, he has steadily 
devoted his great skill in experiment, bringing the immense complexities of 
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its function within the range of objective analysis, and revealing fundamental 
plan and orderly sequence in the reflex actions by which it controls the activities 
of the body, and continuously adjusts them to the environment. The results 
of this work have been embodied in a series of some two hundred original memoirs, 
presenting a continuous record of progressive investigation. The earlier stages 
have been brought under review and treated synthetically by Sherrington 
in his now famous Silliman Lectures on “ The Integrative Action of the Nervous 
System. ’ * In these he deals with the occurrence and significance of the muscular 
rigidity which appears when the higher brain is removed, with the co-ordination 
of muscular movements by reciprocal excitation and inhibition of antagonistic 
muscles, with the rhythmical, phasic activity which the conflict produces in 
the centres concerned with certain movements, and with the appearance 
of a purposeful character which the integrating action impresses on many 
forms of reflex response. 

During more recent years our own Proceedings have borne steady witness 
to the progress made in the finer analysis of the functions of the central nervous 
system by Sherrington himself and by pupils using the methods which he has 
created, and building on the foundations which he has laid. 

The influence of Sherrington’s investigations has spread far beyond the limits 
of his own laboratory and has inaugurated a new era in neurological investiga¬ 
tion throughout the world. In this connection we may fittingly pay a tribute 
to the memory of one of the most eminent among those who have drawn 
inspiration from Sherrington’s work and from personal contact with himself. 
Budolph Magnus, of Utrecht, whose early death in this year the whole world of 
science deplores, found there the impulse to his own original and far-reaching 
investigations, the results of which he embodied in the Croonian Lecture to 
this Society two years ago, on Animal Posture.” In every civilised country, 
in the neurological clinic as well as in the laboratory of physiology and of 
experimental psychology, the influence of Sherrington’s work is felt, giving 
the clue to the understanding of many of the motor symptoms of nervous 
disorder, and holding out promise that even the higher functions of the central 
nervous system will not remain permanently beyond the reach of man’s 
experimental enquiry. 

A Eoyal Medal is awarded to Prof. John Cunnk^ham McLennan. 

For more than thirty years Dr. J. C. McLennan has been an energetic 
and enthusiastic experimenter, having published met one hund^d papers 
in the principal scientific publications of England and America* These are 
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mainly concerned with radio-activity, gaReous conduction of electricity, the 
apectra of the elements, and the liquefaction of gases. In all these subjects 
he has made substantial and much-used contributions to quantitative know- 
ledge, generally of high accuracy. 

Among his works of outstanding merit may be mentioned the measurements 
he has made with his pupils on the fine structure of spectral lines, which are of 
much importance to modern theories of the mechanism of the atom. 
Recently he has had a sensational success in tracing to its source the elusive 
Auroral line X 6577, an extremely difficult task which had baffled the skill 
of many previous investigators. This is important hot only in itself but on 
account of the information it yields as to the structure of the upper atmosphere. 

Apart from his own researches, he has built up a most efficient School 
of Physics in Toronto, and is largely responsible for the present strong position 
of physical science in Canada. He has devoted much energy to the establish¬ 
ment of a cryogenic laboratory in Toronto, a heavy task which he has carried 
out with much success. 

During the war, he was in charge of important scientific work for the 
Admiralty; he developed with great energy the supply of helium from the 
natural sources in Canada and the States, and rendered nmterial assistance 
in connection with anti-submarine warfare, especially in mining operations on 
a large scale and of novel character. 

A Royal Medal is awarded to Sir Thomas Lewis. 

From 1911 onwards to the present day, Sir Thomas Lewis has taken a leading 
part, in the remarkable growth of our knowledge of the mammalian heart-beat, 
which has been one of the conspicuous scientific achievements of the period 
in question. Until he began his work, nothing was known for certain of 
the relations of the specialised structures known to anatomists with the origin 
and propagation of the beat of the heart. Lewis’s researches enabled him to 
locate the point of origin of the beat, and to plot out the course of the wave 
of excitation over the ventricles and auricles of mammals. By extending these 
observations to the hearts of representative vertebrates, he was able to compare 
the modes of spread of the wave with the special forms of the electrooardiagram, 
and thus to appreciate clearly the meanings of the several deflections. Further 
extension to diseased hearts led to the interpretation of the abnormalitie%of the 
eleotrocardiagraphic record. 

In 1911 Lewis wimb able to show that, as Cushny had previously suggested, 
oertadn cardw irregularities are due to fibrillation of the auricles; and his 
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later dixucal and experimental work on anricular fibrillation and flutter suggest 
that the irregularities are due to the formation of an endless circulating wave 
of contraction in the auricles. 

In this special field of physiology and pathology, of such great importance 
to medicine, Lewis’s researches have replaced a mass of scattered, suggestive 
observations by a coherent and established theory. His book on this subject, 
which is necessarily based, to a large extent, upon his own observations, is 
recognised as authoritative throughout the world. 

Quite recently Lewis has published another book which embodies the results 
of investigations of the peripheral circulation, upon which he has been engaged 
during the past twelve years. The response to other kinds of stimulus closely 
resembles that invoked by injection of histamine into a puncture, and Lewis 
produces strong evidence that even the response to pressure is due to the libera¬ 
tion in the tissue of a chemical compound, which, if not actually histamine, 
resembles that substance very closely in its physiological effects. 

In these investigations, which may be taken as models for the application 
of exact methods to human physiology and pathology, Lewis shows the same 
qualities of accurate experimentation and exact reasoning which are so 
conspicuous in his work upon the heart’s action. 

The Davy Medal is awarded to Prof. Arthur Amos Noyes. 

Prof. Noyes was the torch-bearer of the modern theories of solution to the 
West, and under his guidance there grew up in the Massachusetts Institute 
of Technology a school of research in physical chemistry which held the leading 
place in America. His researches have been chiefly concerned with the pro¬ 
perties of solutions, in particular of electrol3rtic solutions. Soon after the 
inception of the electrolytic dissociation theory of Arrhenius, it was recognised 
that all was not well with the strong eleotrol3rt6s. Whilst qualitatively them 
properties were accounted for by the theory, there yet existed marked quanti¬ 
tative discrepancies. Accurate measurement of the properties of such solutions 
was the first requisite for the attack on the problem, and to this task Noyes 
applied himself. His investigation of the conductance of aqueous solutions 
up to temperatures as high as 300"^ forms a classical example of exact physico¬ 
chemical measurement executed under conditions of great experimental 
difiBoulty. 

His work on the infliienoe exerted by one salt on the solubility of another, 
on transport numbers and the mobilities of the ions, on the ionisation of pure 
water at different temperatures, is all directed to the same end. Noyes showed 
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the impoitanoe of th6 classification of the strong electrolytes according to 
their valency type, and over twenty years ago attempted to take into account 
the electrostatic forces between the ions. He thus foreshadowed the modem 
theory now so widely developed by Noyes himself amongst other workers. 

Outside this field Noyes made many additions to our knowledge of solutions; 
for example, the mass-action theory of acid indicators, velocities of reactions 
of different orders, and reaction-velocity in heterogeneous systems. Noyes 
has exercised a great influence on physical chemistry, not only by the value 
of his experimental work, but by his careful analysis of the fundamental concepts 
of the science, and by his clear and logical presentation of their nature and their 
inter-relations. 

The Buchanan Medal is awarded to Dr. Major Greenwood, 

Dr. Greenwood, Professor of Epidemiology and Vital Statistics, University 
of London (London School of Hygiene), is specially distinguished for the 
statistical study of medical subjects, having applied the statistical method 
to the elucidation of many problems of pliysiology, pathology, hygiene 
and epidemiology. He has been pre-eminent in encouraging and developing 
the use of modem statistical naethods by medical laboratory investigators and 
in securing the adequate planning and execution of field investigations. He is 
almost unique in the possession of both the medical knowledge and mathe¬ 
matical ability which are essential in these researches. Dr. Greenwood is the 
author (with Prof. E. L. Collis) of a book on ‘ The Health of the Industrial 
Worker,^ and of numerous biometric studies dealing with the causation, 
prevention and treatment of disease. 

The Hughes Medal is awarded to William David Coolidge, a distinguished 
member of the scientific staff of the General Electric Company of America. 

Science is under a great debt to Dr. Coolidge for the invention and production 
Cf a new type of X-ray tube, called by his name, of great flexibility and power, 
which has proved of great service not only in Medical Eadiology but in numerous 
scientific researches. In the last few years ho has applied his unrivalled 
technical knowledge to the generation of high-velocity cathode rays, which 
can be passed into the air through a thin window as in Lenard's pioneer experi¬ 
ments thirty years ago. Such researches are of great importance to science 
as they promise to provide us with new methods of obtaining a copious 
supply of siriffc electirons and high-speed atoms of matter for experimental 
invesiagarions* 


V 
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The Action of Guanidina on the Meianophores of the Skin of 
the Frog (liana temporaria). 

By S. Ochoa. 

Communicated by Prof. D. Noel Patou, F.R.S.—Received October 2,192T.) 

(From the Physiological Laboratory, University of Glasgow.) 

[PI.ATKS 19 AMD 20.] 

The part played by the methylguamdin-e in metabolism has been recently 
considered by NoSl Paton (1), who pointed out, inter alia, their effect on the tone 
of skeletal muscle, and adduced evidence to show that the increased tonicity in 
tetania parath}areopriva is associated with an increase of these substances in 
the blood (1a). Within the past year this has been confirmed by Ktlhnau (2). 
The work by Frank, Stern and Nothmann (3) indicates that these methyl- 
guaaidins have an activating effect on the sympathetic nerve-endings, a conclu¬ 
sion supported by the effect on the pnpil described by Putseys and Swaen (4)^ 

A full consideration of the physiological action of the guanidins is given by 
Filhner in Heffter’s ‘ Handbuch der exper. Pharmak.’ (vol. 1, p. 684), Berlin, 
1923, with a bibliography; detailed references to the older work are therefore 
unnecessary. 

In the course of an investigation on the influence of the administration of 
guanidins on the creatin content of muscle in frogs, it was observed that the 
colour of the animal became distinctly paler. An action upon the meianophores 
of the skin was indicated, and this has been investigated. The injections were 
made for me by Drs. Campbell and Watson, to whom my thanks ate due. 

1, Action of Omnidina on the Intact Frog. 

The frogs were placed in glass containers, to which some water was added 
to provide moisture, and the containers themselves placed in the shade against 
a dark background. In these conditions, according to Hogben (5), the tendency 
of the meianophores is to remain expanded, so that the action of a melanophore- 
oontracting substance may be studied under favourable conditions. The 
mouth of the containers was only partially closed to allow free ingress of air. 
No special care was taken as regards temperature, which varied little in the 
laboratory, since moisture and shade are sofGioient to keep the frogs dark. In 
all cases control frogs were placed in the same^oonditions as those subjeeted 
to experiment. 
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As to normal melanophore reactions, my own experience is that dryness 
very soon induces pallor, although the frog replaced in wet conditions soon 
recovers its dark appearance if it has not been kept in dryness for long and the 
^lightening induced is not very pronounced. Light and darkness seam to act 
more slowly in promoting their respective reactions, as is pointed out by 
Hogben (6). 

Frogs {R. temporaria) weighing about 20 to 25 gms. were used, and the 
experiments were carried out in July and August, In the first experiments 
every frog received lOmgm. of methyl-guanidin hydrochloride'** into the dorsal 
sac. Later it was observed that the lightening of the skin was equally well 
induced by smaller doses. 1 mgm., injected either into the dorsal sac under 
the sldn, or intraperitoneally, is almost as powerful in promoting lightening as 
are 10 mgm., though the effects are not so rapidly marked. In one case a 
fairly pronounced pallor, as compared with a normal dark frog, was induced 
by the injection of 0-5 mgm. With 1 mgm. the lightening begins to be 
observed within from 7 to 16 minutes after the injection, reaching its maximum 
after about 45 minutes to one horn, when the pallor induced by the drug 
contrasts strikingly with the dark appearance of the control frog (Plate 19, 
figs. 1, 2 and 3). 

More than 30 frogs have been injected up to date, and in all oases the reaction 
could be observed. The duration of the pallor brought about by the guauidin 
has not been accurately determined; it averages 4 hours when 1 mgm. has 
been injected, but it must be pointed out that individual variations are observed 
within rather wide limits. The web of the foot under the microscope showed 
the melanophores to be in a contracted state as compared with the expanded, 
reticulated condition in the control frog (figs. 4 and 6). 

The same effects were observed by injecting guanidin hydrochloride or 
dimethyl-gxianidin hydrochloride. The frogs also always developed quite 
marked muscular symptoms along with the characteristic lightening of the skin. 
In the case of dimethyl-guanidin the onset of the general symptoms and lighten¬ 
ing seem to be slower, though their duration is greater. Further experiments 
will be cBscmd out to elucidate this point. 

^6 work of Hogben and oth^s suggested the possibility that this action 
might be due to a stimulation of the suprarenals and an increase of adrenalin 
in the blood, which is known to contract the melanophores. That this is not 
the exj^anation is shown by the fact that the contraction occurs in the 
amj^tated leg. 

The saltB of methyl- and dimethyl-guanidin were supplied by * British Brag Houses.’ 

V 2 
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2 , Injectim itUo the Amputated Leg. 

A dark frog was killed, and the hind legs amputated and placed in Ringer’s 
solution in small beakers. 10 mgm. of either guanidin, methyl- or dimethyl- 
guanidin hydrochloride were injected into the gastrocnemius of one of them, 
the other remaining as a control. The webs were examined under the micro¬ 
scope at various periods. Sometimes the change in colour was observed with 
the naked eye. 

Generally after half an hour, and sometimes before, the melanophores of the 
control leg began to contract {post-mortem contraction), but the action of the 
guanidins could be detected before the natural contraction occurred. As an 
example, I quote, one experiment out of five carried out following the same 
general scheme:— 

Experiment 4. 

Hind limbs amputated from a normal dark frog. 

(а) Injection ot 1 c.c. I per cent, guanidin (10 mgm.). 

(б) Control, 

Placed in Ringer’s solution. 

10 minutes after (a) is much lighter than (6). 

(а) presents pronounceti spontaneous twitching®. 

Webs microscopically observed after 16 minutes. 

(ff) Melanophores contracted. 

(б) Melanophores expanded, displaying a reticulate condition. 

After 30 minutcB limb (h) is becoming lighter, but microscopical examination of the 
webs shows that there is still a difference between the melanophores from (a) 
and (6), those from the latter being expanded (Plate 20, figs. 6 and 7). 

3. The Isolated Web of the Foot. 

The web of the foor was cut with scissors from the toes, and placed in Ringer’s 
solution or the guanidin solutions to be tried, being examined microscopically 
at various periods afterwards. As in the previous experiments, guanidin, 
methyl- or dimethyl-guanidin were used, either in Ringer’s or in aqueous solution. 
In some experiments either 0-1 c.c, or a drop of pituitrin was added to the 
bottles containing 1, 2, 4 or 6 c.c. of fluid. 

The following experiments may be quoted out of seven carried out:— 

Experiment 1.—Normal dark frog. 

Webs of the foot placed in two bottlos {a) and (6), containing :— 

(а) 0*5 c.c. of 1 per cent, meihyl-guanidin. 

(б) Ringer’s solution (control). 

30 minutes later microscopic observation :— 

(a) Melanophores contracted. 

(h) Melanophores expanded (reticulate). 
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Experiment 4.—formal dark irog. 

Webs placed in three bottles—(»), (6) and (c )—oontaining :— 

(а) 1 0 . 0 , Einger's solution plus 0*1 c.c. pitnitrin (Parke Davis). 

(б) 1 c.c. 1 per cent, guaiiidin plus 0*1 c.c. pituitrin. 

(c) 1 c.c. 1 per cent, methjd-guanidin plus 0* 1 c.c. pituitrin. 

1 hour later microscopic examination : 

(а) Melanophores fully expanded. 

(б) Moat of them expanded, but many contracted, 

(c) Same as (6). 

The difference between (<?),(&) and (c) is fairly well marked. No further change 
could be observed 24 hours afterwards. 

Thus, even in the case of presence of pituitrin, the guanidins exert their 
melanophore-contraoting action, though in this case the action is much 
weakened. 

Melanophores of normal webs placed in Ringer's solution contract normally 
in less than an hour. The action is thus a direct one, either directly on the 
melanophores or through the nerve terminations in them (Plate 20, fig. 8). 

Hogben states that there is no definite histological evidence that the melano¬ 
phores of the frog are connected with the nervous system, and he records a 
number of experiments to prove that they are not influenced by nerves, 

I am informed by Prof, Noel Paton that Mr. Edward S, Russell, M.A., D.Sc., 
working in this laboratory in 1909, was able to demonstrate by staining with 
methylene blue the termination of nerve-fibres in the melanophores of the 
mesentery of the frog. In reply to a letter Mr. Russell writes: I did not 
publish anything on the innervation of the melanophores in the frog. I wish 
now I had, as my results were fairly definite. . . . Some preparations 
certainly showed fine nerve-fibres apparently entering the melanophores.’’ 

The early work of Lord Lister afforded clear evidence that the state of the 
melanophores is modified through the nervous system. It is therefore probable 
that the action of guanidins on these melanophores is through the endings of 
the sympathetic nerves, as it is in other situations in the body. The action of 
adrenalin favours this view. 

4 , The Antagomsfn of Calcium Saks. 

The action of calcium salts in counteracting the symptoms of tetania para- 
thyreopriva is well known. That they also antagonise the effects of the 
guanidins was first shown by Piihner (6), and has been amply confirmed by 
subsequent investigations (NoSl Paton and Findlay (op. dLy p, 336), Burns and 
Watson (7), Major and Stephenson (8), Kflhnau and Nothmann (9)), It seemed, 
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therefore, of interest to study the influence of calcium salts upon tite action 
the guanidins on the melanophores. 

It has been found that if a solution of calcium lactate or chloride is injected 
into the dorsal sac of a frog previous to the injection of guanidin, the frog does 
not change in colour under the influence of the latter, or becomes but very 
slightly lighter, contrasting strikingly with a control frog injected with guanidin 
only (Plate 20, fig. 8). Very often a strong lightening of colour is induced 
by the guanidin, in a circumscribed spot where the injection of the guanidin 
has been made, when the frogs were previously injected with calcium. This 
is no doubt a proof that the calcium has actually checked the effect of the 
guanidin. 

On the other hand, if the calcium injection is made on a frog during the pallor 
induced by the guanidin, it recovers its normal dark hue much sooner than a 
control frog to which no calcium has been injected. In all cases the calcium 
either inhibits the appearance of tremors, or makes them disappear when they 
are abeady established by a previous injection of guanidin. 

Generally the calcixnn salts were injected in doses from 2 to 6 mgm., and the 
guanidin (guanidin, methyl- or dimethyl-guanidin) in doses from 1 to 2 mgm. 
Sometimes a repetition of the calcium injection had to be made when the frog 
was observed to become lighter in spite of a previous injection. 

Fourteen experiments have been carried out with uniform results. One of 
them may be quoted here :— 

Experiment 5.—Augtisi 16, 1927. 

Four normal dark frogs, («), (?j), (r) and (d), 

11.30 a.m.—The frogs are injected as follows — 

(а) 0-4 c.c. Ringer's solution, 5 minutes later 1 mgm. methyl-guanidin. 

(б) 0*4 0 . 0 .1 per cent. CaCJ« (4 mgm.), 5 minutes later 1 mgm. methyl-guanidin. 

(c) 1 mgm. methyl-guanidin. 

(d) 1 mgm. methyl-guanidin. 

(Injections into the dorsal sac.) 

(The frogs are placed in gkss containers with some water, and covered with black 
paper.) 

11,46 a.m. Frogs (a), (c), (d), tremors. Frog (6) no tremors. 

12 noon. Frogs (a), (c), (d), pale. Frog (6) dark. Only a light spot is shown 
at the point where the injection was made. (Plate 20, fig. 8.) 

The difference is quite well marked between frog (6) and frogs (a), (c), (d), 

12.13 p.m. Frog (c). Injected 0*4 c,c. 1 per cent. CaCl# (4 mgm.). 

Frog (d). Injected 0-4 o.c. Ringer's solution* 

12.20 p.m. Frog (c). No tremors. These are very marked in frogs (a) and (d). 
Frog (6). Dork, normal looking. 

12.66 p.m. Frog (c) is becoming darker. Barker than (d), which is atill very pale 
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Ewperimmt 5»-(oontinued). 

1.30 p.m. Frog<a). Recovered dark colour. Tremora still present. 

Frog (b). Normal, dark throughout the experiment. 

Prog (c). Recovered dark colour. No tremors. 

Frog (^). Quite pale. Marked tremora. 

2.60 p.m. Frog (c). Dark, narmal looking. 

Prog (d). Still pale. 

Calcium itself does not act upon the melanophores—i.e., it does not induce 
any expansion of these structures. Several experiments have been made on 
frogs kept pale by placing them in dry containers, and in an illuminated 
and warm place. Neither calcium chloride nor lactate were observed to 
promote any darkening of such frogs, injected in doses varying from 4 to 
10 mgni., as compared with other non-injected control frogs. 

A few experiments have been made to see whether the parathyroid hormone, 
prepared according to Collip’s method, has any influence upon the action of 
guanidins in frogs. If this hormone raises the blood calcium level, it was to be 
expected that it would antagonise the effects of the guanidin, in those cases, 
at least, in which the calciiim salts counteract the action of the guanidins. 

It is rather surprising that Collip himself (10) failed to find any antagonism 
between his hormone and guanidin. Major and Buikstra (11) found that the 
hormone lowers the blood pressure previously raised by guanidin, and recently 
Nothmann and Kiihnau (12) found that it counteracts the symptoms produced 
by dimethyl-guanidin. 

No definite conclusion can yet be drawn from my experiments, which were 
interrupted by my departure for Madrid, but it seems that the hormone relieves 
the toxic action of the guanidins on the melanophores of the frog, and that the 
lightening of colour induced by these substances in frogs’ skin is lees pronounced 
and lasts a shorter time in frogs treated with the parathyroid preparation than 
in control frogs. Calcium seems to act more rapidly and powerfully in checking 
the action of the guanidins. This would support the belief that the para¬ 
thyroid hormone may act in this case by raising the calcium content of the 
blood. 

More experiments will be carried out to elucidate this point further. 

Summary, 

1. The guanidin hydrochlorides—guanidin, methyl-and dimeihyl-guanidin— 
cause contraction of the skin melanophores in the frog. 

2. Evidence has been adduced to show that this action is a direct one, either 
on the melanophores themselves or through nerve endings in them. 
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3. Calcium salts antagonise this effect of guanidins just as they do many 
of the other oSects. 

4. It is probable that the parathyroid hormone of CoUip also autagonisea the 
action of guanidins on the melanophores, perhaps through its calcium-raising 
power. Further experiments are neetled to elucidate this point. 

It is my desire to acknowledge my indebtedness to Prof. NoS! Paton for 
allowing me to work in his laboratory, and for his inestimable help and guidance 
in carrying out the work. 

All the photographs and microphotographs have been taken for me by 
Mr. John Bell, to whom my best thanks are due. 
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DESCRIPTION OF PLATES. 

Pt^AT® 19. 

Fio, 1.—^Normal dark frogs. 

Fm. 2.—Same frogs 35 minutes after injecting that on the right with 1 mgm. methyb 
guanidin into the dorsal sac. 

Fro. S.—Same frogs 23 hours later. 

Fia. 4.—^Melanophores of normal frog (X 75). 

Fro. 5."-Melenophores of frog 40 minutes after injection of 6 jngm. methylguanidin. 


Plats 20. 

Fjm. 6.—Prom hind leg of a frog left in Ringer’s solution for 30 minutes after amputation. 
(X76.) 

Fra. 7.-»From the other leg, same conditions, but 10 mgm. methylguanidin injected into 
gastrocnemius. (30 minutes later.) (X 76.) 
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Fio. 8.—Frog on left injected with 0*4 o.c. 1 per cent, calcium lactate—10 minutes later 
1 mgm. methylguanidin. Frog on right injected 0 • 4 c.c. Ringer's solution. 10 minutes 
later, 1 mgm. methylguanidin. (Injections in dorsal sac.) Photographed 50 minutes 
after injection of the methylguanidin. 

Fro. 9.—From frog injected with 0*5 c.e. 1 f)er cent. CaCIj 5 minutes after, 0*5 c,c. 0*1 per 
cent, guanidin (1 mgra.). ( x 75.) Killed one hour later. 

Fro. 10.—From frog injected with 0*5 c.c. Ringer's solution. 5 niinutos after, 0*5 o.c. 
0*2 per cent, guanidin (I mgm.). ( X 75.) Killetl one hour later. 


The Formation of Indix/otin from Indol by Soil Bacteria, 

By P. H. H. Gray, M.A., Rotliamsted Experimental Station. 

(Communicated by Sir John Russell.—Received October 5, 1927.) 

[Plate 21.] 

Indol (Co H 4 CH : CH . NH) has a wide distribution in nature?, being present 
in several plants and also produc(?d by putrefactive changes in the intestine. 
There is no evidence as to its fate after decomposition in soil or in sewage. Its 
non-persistence at the moderately high temperatures of the manure heap may 
be due to its volatility ; its disappearance from sewage and manured soil may 
have to be assigned to some other cause. 

Supniewski* states that Bacillus pyocyaneus can decompose indol with the 
production of anthranilic (o-aminobenzoic) acid, although the action is extremely 
alow. In attempting to isolate from soil by the usual selective method of culti¬ 
vation bacteria capable of destroying indol, it was found that in mineral salt 
«olution containing indol, the latter rapidly disappeared, some colourless 
compounds being formed whose nature has not been determined. Two organ¬ 
isms have, however, been isolated that can decompose indol with the formation 
of blue crystals. The chief cultural characters of these two organisms are 
described below. 

L Pseudomonas indoloxidans n. sp. Morphology in nutrient broth: straight 
cells 1 (X to 9 p. long, majority about 3 p long by 1 p broad. Motile, with 1 to 
4 short curved polar flagella (see fig. 1 ). The vegetative cells are Gram negative 
but take the usual dyes. Endospores are not formed. The organism is aerobic 
and grows best at 25° 0. to 2S° C. 

♦ ‘ Bioohera. Zeitsohr.,’ vol. 146, p. 522 (1924). 
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Nijiirient agar colonm^ (peptone 0* 6, lemoo 0• 3, agar 1 *6 per c^t.). Surfuoa 
colonies, (2 days at 28® C.) 1 to 2 mm., round ; convex; white; watery; trans* 
parent border, structure radiate, edge erose, (6 dags) 
4 to 6 mm. irregularly round; slightly convex; white ; 
slightly ringed and radiate, shining; wide translucent 
border ringed, radiate ; edge undulate. Deep cohmes, 
(2 days) lens-shaped, brown, slightly irregular. (6 days) 
oval, brown, edge slightly cleft by radiate structure, or 
lens-shaped. 

Nutrient agar slope (3 days) filiform; convex 
whitish ; smooth shining; clear border, imdulate. 

Nutrient gelatine colonies (peptone 1*0, lemco 0*5,. 
NaCl 0*5, gelatine 12 per cent.). Surface colonies, 
(8 days at 14® C. to 19® C.) 1 mm., round; convex; 
light buff; smooth, shining; edge erose. Under 
J-inch objective, structure appears grumose, deei)er 
part rosettiform. Deep colonies, rosettes, erose edge. 

Nidrient gelatine stab. Nail head. 

Nidrient and peptone broth, growth cloudy; indol is not produced. 

Carbohydrate hT(dhs, (peptone 1 *0 per cent., and 1 *0 per cent, of the carbon 
compounds, dextrose, sucrose, lactose, maltose and glycerol). Growth cloudy 
but no acid or gas produced; the media become more alkaline than 
uninoculated controls. 

Starch, (nutrient agar -f 0-2 per cent, soluble starch). (16 days) no diastase 
produced. 

Nitrates, (nutrient broth +0*1 per cent. KNOg)* (3 days) reduced to 
nitrites. No gas produced and no growth in the closed arm of the fermentation 
tubes by the sixteenth day. 

Aromatic compounds, phenol and w-cresol are not attacked. 

Indol, decomposed with formation of blue crystals in mineral salt solution 
and agar medium, 

Indol agar, surface a>lonies, (3 days) 0*9 mm. to 1 *0 mm., flat, whitish inter¬ 
mixed with blue, with central opaque nucleus. Blue particle are found up 
to about 3 • 75 mm. from edge of colony. (10 days) 2 to 3 mm, diameter; rouhdf; 
convex; white, blue tinged; smooth, shining; edge erose; colony mixed with 
and surrounded by opaque hour-glass shaped particles. Deep colonies, (10 
days) lens-shaped, brown with blue core and *Jurrounded with blue ptprt^eles. 
(22 days) in thicker gels the edge of the colony is produced to form a flattened 
whitish ring. 





Fia. 1 .—Paeudomcnas 
indoloxidans, 24 hours 
old culture on nutrient 
agar. 
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Iftdci agar slope. First traces of blue are seen within 20 hours, before any 
growth is visible. 

Indot agar stab. After 48 hours the blue zone extends down to about 5 mm, 
from the surface. 

IsokUion. One strain from a soil sample obtained from the Italian Tyrol. 
(Thanks are due to Miss M. D. Glynne, M.Sc., for having collected this sample.) 

2. Myccbacterium globeritlum, n. sp. Morphology in nutrient agar: curved 
cells 2 (I to 9 plong, majority about 6 [x long and 1 fx broad (see fig. 2) breaking 
up into chains of coccoid cells about 1 (x diameter (see fig. 3). Non motile. 






Fig. 2 .—Mycobacterium gkheruhm, 
20 hours old culture on nutrient 
agar. 


Fia. 3 .—Mytxbocieriim 
globcrtdum, after 3 
days growth on 
nutrient agar. 


Cells are Gram positive but not acid-fast. Capsules can Ik 3 demonstrated by 
Mxiir’s capsule method (see Plate 21, fig. 1). On indol agar some cells are 
surrounded by blue pigment, giving the appearance of capsules (see Plate 21, 
fig. 2). Endospores are not formed. The organism is aerobic and grows best 
at26®C.to^°C. 

NtUrienl agar. Surface colonies, (4 days) 3 to 5 mm., irregularly round; 
convex; white smooth, shining; edge undulate, erose. (7 days) more 
convex and of a watery appearance. Deep colonies, (4 days) lens-shaped. 

NtUrienl agar slope, (3 days) filiform; flat; watery; edge irregular. 

Nutrient gelatine, (19 days). Surface colonies, 1 to 2 mm., irregularly round ; 
convex ; light buff; smooth, shining; edge entire. Deep colonies, round, with 
entire edge. 

NutrievU gelatine stab, (8 days) nail head, irregularly round; convex; pinkish 
white ; smooth, shining; line of stab erose. 

NutrierU and peptone broth, growth cloudy, with viscous euspenaion. Indol 
is not produced. 
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Carbohydrate hroths, growth is cloudy in dextrose, sucrose and glycerol, clear 
with scum or granular suspension in lactose and maltose. No acid or gas 
produced from any of the compounds. 

Starch, (16 days) diastase is produced. 

Nitrates, (3 days) no nitrite or gas produced. No growth occurs in closed 
arm of fermentation tube. 

Aromatic comjminds, phenol is attacked, but w^cresol is not attacked. 

Indol, blue particles are produced on indol agar but not in solution. 

Iridol agar, surface cohnies, (4 to 7 days) 1 to 2 mm., round ; convex; white, 
tinged with blue ; smooth, shining; entire edge. The blue tinge is chiefly due 
to discrete hour-glass shaped particles. Deep cohnies, lens-shaped with bunchy 
filamentous lateral projections. 

Indol agar slope, filiform ; white (later tinged with blue) or buff to yellow; 
smooth, shining. 

Isolation. From a soil obtained from Cheshire, England, after treatment 
with scatol. 

Bacteria that produce blue pigments on various organic media are known to 
occur; the nature and source of the pigments have not, however, in any case 
been made known. In order to ascertain whether the property of producing 
a blue pigment on synthetic media containing indol was possessed by other 
known bacteria, slope cultures of 74 strains of soil bacteria were made on a 
medium consisting of mineral salt agar with glycerol l)»l per cent., {NHJ^O^ 
0-05 per cent., and indol 0*005 per cent. Very few of these made any 
appreciable growth in 7 days at 27° C. Only Ps. indoloxidans and a new species 
of Micrococcus* formed blue particles, but this latter species has not so far 
formed them in solution cultures. It was decided, therefore, further to 
investigate the nature of the blue substance produced in cultures of Ps, 
inicdosddans. 

The Ncdufe of the Pigment, 

The blue compound that appeared in cultures containing Ps. indohxidanB 
was found as insoluble particles; their identity with indigotin was si^eated 
by the following testsf :— 

1. InaolubUity in water, alcohol, ether, xylol, benzol. 

2. Dissolved in strong sulphuric acid to give a blue solution. 

3. This solution, on dilution, dyed silk blue. 

* A desodptien of this organism (Micrococcus pUtonensis) is in course of puhiioatkai in 
* CcaitralbUtt fUr Bakteriologie,' 11. Abt., Bd. 73. 

11 am indebted to Dr. F. Tattersfleld for oasiatanoe in these tests; the speotroplw^melsy 
was carried out by Dr. S. Judd Lewis, Staple Inn Buildings, London. 
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4. The colour disappeared on tteatment with reducing agents and caustic 

soda, but returned on pouring into water and on exposure to air. 

5. The colour was discharged by nitric acid. 

6 . A solution in concentrated H 2804 was treated with strong soda, whereupon 

a green colour appeared ; the colour went to yellow on addition of more 
soda ; this yellow then went to green on the addition of ammonia. 

7 . Spectrophotometric analysis of a solution prepared from some of the dry 

material with concentrated H 28 O 4 produced a curve for the extinction 
coefficient that was so similar to that obtained from a solution of indi- 
gotin di- 8 ulphonic acid prepared from pure powdered indigotin that the 
identification of the blue substance as indigotin is j)laced beyond doubt 
(see fig. 4), 



4.— Comparative curves for extinction coefficient of synthetic indigotin and indigotin 
produced from indol by Ps, inddoxidane. 


The Mode of Formation, of Indigotin on an Agar Medium. 

Pure indol, melting point 52® C., obtained from the British Drug Houses, 
was add<§d to a mineral salt agar, after the latter had melted, until the indol 
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•was completely dissolved. The following were the salts used in the 
medium:— 

Per cent. Per cent. 

KgHPO* . 0-100 CaCIj . 0-010 

MgS04.7Ha0 . 0 020 FeCla . 0-002 

NaCl . 0-010 

To this medium carbon and nitrogen sources were added as glycerol 0-1 per 
cent, and (NH 4 )jS 04 0-06 per cent, respectively. The concentration of indol 
was 0 ■ 01 per cent. The medium was then filtered through cotton-wool, tubed, 
and sterilised in the autoclave at 15 lbs. pressure for 15 minutes. 

The general appearance of the growth on indol agar has already been described 
(p. 264). The particles are first visible as thin needle-shaped blue crystals, 
about 1 long and 0 - 2 p wide, with a constriction in the middle and generally 
fannin g out at the ends to about 0-75 {x wide. This structure appears to be the 
basis upon which the full-sized particle is built. After 20 hours’ growth on agar, 
the particles measure not more than 3 p long and about 2 p wide, the appearance 
being that of a dark blue hour-glass, with a lighter constriction (see Plate 21, 
fig. 3). On agar media they appear to reach a maximiun size of 6 p long by 
3 p wide, the constriction sometimes disappearing under the heavier deposition 
of the dye. It is this type of particle with which the curves in figs. 6, 6 and 7 
are concerned. Lighter blue flakes, oval in shape and measuring about 10 p 
long by 5 p wide, are produced in liquid media and on the surface of the water 
at the base of test-tube cultures; often larger irregular crystalline particles 
appear on the surface of agar platings (see Plate 21, fig. 4). In liquid cultures the 
accretion of the blue continues until single particles, fan- or fem-shaped, measure 
about 160 p long. 

Two modes of action whereby the indigotin is formed appear to be possible:— 

1. By the production of an exo-enzyme which diffuses out from the growth, 

producing the reaction in the surrounding medium. 

2. By the formation within the cells of a soluble product intermediate between 

indol and indigotin which diffuses outward and is then converted into 
indigotin. 

Indoxyl, a product intermediate between indol and indigotin, is an unstable 
compound and is very rapidly oxidised to indigotin on exposure to atmospherie 
oxygen. On the second hypothesis, if indol were taken in by the organism and 
excreted as indoxyl, it would be expected that eadx bacterial cell would become 
surrounded by a blue “ capsule ” of indigotin, in the way that has been described 
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266) ^ happening sometimea to cells on indol agar slope cultures of Myco- 
haderium gl4^)eridum. This does not take place with Ps. indoloaddanSy nor does 
indigotin occur inside the cells under what appear to be the optimum con¬ 
ditions for oxidation. It seems unlikely, therefore, that indoxyl is formed 
within the cells of this organism. 

Production of Indigotin in Agar Stab Cultures. 

The production of indigotin in stab cultures is confined chiefly to the top 
3 to 6 mm., and extends radially from the line of stab to the walls of the tube. 
No increase in intensity of blue or depth to which the blue extended has been 
observed to take place after about the third day. Although the organism 
continues to grow to some extent on the surface of the stab, it is found that a 
considerable growth of the organism also occurs along the line of stab. By 
cutting transverse sections across a stub culture, it was found possible to count 
the number of crystals of indigotin produced by the organism at different depths 
of agar. In fig. 6 are shown the results of counts made from the line of stab 



Fzo. 5.---(}urv60 showing the number of particles of indigotin produced by Ps, inddoxidans 
at two depths of a stab culture on indol agar. 

outwards at two depths, namely, 4 to 6 mm. and 6 to 7 mm., from the surface 
of a stab culture after 2 days' growth at 26° 

The partldeB were counted as follows. The agar was removed from the test-tube by 
breaking the latter and a section about 2 mm. thick out at the fourth to fifth nfiilimetre 
irom the surface. This section was applied to a coverslip and the latter inverted on the 
mechanical stage of the microscope. The |>inch objective was focussed on to the edge of 
the bacterial growth; a cover slip upon which had been marked a rectangle measuring 
3 mm. square was placed in the ocular. The number of particles of indigotin within 
the reotaugdlar area at 60 m surface of the out down to a depth of 100 /a was 

counted ^ the stage was then moved so that the adjoimng field was brought into register 
and the partidss eounted as before; these operations were repeated akmg one traverse 
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Fig. 6.—Curves showing the nnmber of 
particles of indigotin produced by a 
ooiony of Ps. i^iddoxidana on the surEaoe 
of indol agar in a petri dish after 3 days’ 
and 6 days* growth. 


The upper curve confirms the observ¬ 
ation made, that more indigotin is pro¬ 
duced near the bacterial growth. The 
low'er curve suggests that crystals pro¬ 
duced at some distance from the line 
of stab are due to the activity of the 
organisms on the surface. Apparently 
the organisms cannot initiate the process 
at the lower depth owing to insufficiency 
of oxygen, but once they have initiated 
it at the surface they can form crystals 
at this depth. This supports the 
hy]>othesis that the action is due to the 
production of an exo-enzyme diffusing 
out from the bacterial growth. 

P/(dn€iio7i of hidigotin in Plate 
Cniiure$, 

In plate cultmes surface colonies 
(measuring about 0*5 mm. in diameter) 
were usually visible after 48 hours* 
incubation; deep colonies measured 
about 0• 1 mm. long diameter, Indigotin 
was already visible around surface 
colonies, being distributed horizontally 
to a distance of at least 2*26 mm. from 
the edgfe of the colony. The largest 
particles measured 3 (jt to 3*5 (z long, 
but the majority were too small to 
enable a count to be made with sufficient 
accuracy. The growth of the organism 
was stopped by exposing the plate to 
the vapour of formaldehyde ; examina¬ 
tion made at intervals for some days 
showed that production of indigotin 
had also ceased. The colonies on a 


up to the edge of the agar. The section was then reversed and the particles counted at SC p 
to 100 fi belcw the surface of the lower cut. In drawing up the curves the number of par¬ 
ticles of indigotin in every 5 fields was added together in order to smooth ont differenioss 
due to inequalities of the gel. 
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plate culture not so treated continued to produce indigotin to the maximum 
dtstanoe* A count was made on a series of plates on which the production 
of indigotin took place between the forty-eighth and sixty-sixth hours. The 
colony chosen was 0*95 mm. in diameter, and three traverses along horizontal 
columns of agar each 60 thick were made in one direction to a distance of 
3*3 mm. from the edge of the colony. 

The result of this count is shown by 
the broken line in fig. f), Counts were 
made from this colony two days later 
(the colony having then grown to 
1*2 mm. in diameter), in order to 
ascertain if any increased oxidation had 
taken place. The result is shown by 
the unbroken line, the points on which 
represent the mean of two traverses on 
opposite sides of the colony. The 
particles slightly increased in number 
between the third and the fifth day. 

The shape of these curves approxi¬ 
mates closely to that of a diffusion 
ciuwe. This is what would be expected 
on the hypothesis that the process is 
effected by an exo-onzyme diffusing 
outwards from the bacterial growth. 

If, on the other hand, the indol were 
taken in by the organism and excreted 
as indoxyl the probability is that the 
oxidation of the latter, as soon as it '^q, 7.-—Curve showing the number of 
reached an area of higher oxygen- particles of indigotin produced by a 

tension outside the colony, would colony oi Ps. indohxidam 

- , - - , - ,, , the floor of tlie petri dish culture, 

appear as a thick zone of blue particles gemi^iagrammatio. 

close to the colony. This, however, 

does not take place at any stage of growth. Furthermore, colonies buried 
at, the bottom of a 5-mm. thick layer of indol agar produced a similar curve 
for the vertical distribution of indigotin, the maximum amount being formed 
at tile shortest radius from the colony (see fig. 7). 
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TTve Carbon and Nitrogen Reqmtermrds of Ps. indoloxidans. 

In these experiments the same mineral salt solution was used as in agar 
cultures. Except when amino-compounds were supplied, ammonium sulphate 
was generally given as the source of nitrogen, since the production of free nitric 
acid from nitrates might cause a loss of indigotin. Carbon was supplied by the 
compounds as shown in the experiments reported below. The cultures were 
usually incubated at 22° C. to 25° C. 

Since the production of indigotin appeared to be associated with the active 
growth of the organism, an experiment was carried out to correlate, if possible, 
the growth in number with the production of indigotin in solution cultures. 
Spindle-shaped flasks of 300 c.c. capacity containing 100 c.c. of solution with 
glycerol 0*1 per cent, and (NH 4 )aS 04 0*05 per cent, and 10 mgms. of indol were 
inoculated each with about 20 millions of cells per flask and incubated for 9 days 



Fio» $."-Oarves showing baoteriat numbers and amount d indigotin pcoduoSd. 
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at 26° C. A blue tinge due to the indigotin was visible on the second day, when 
a haemocytometer count of the total bacterial cells showed 30 millions per 
cubic centimetre. 

The result of the analyses for indigotin* and the bacterial counts are shown in 
fig. 8. Indol was present, as shown by the pink colour given with Ehrlich^s 
dimethyl-para-amino*benzaldehyde reagent, on the third and seventh day, 
Hbut had disappeared on the ninth day. The production of indigotin is associated 
with rising bacterial numbers; the falling off on the ninth day is associated 
with the disappearance of the indol. 

It seemed possible that this depression might be due to the organism using 
indol as a soui’oe either of energy or of nitrogen. In order to test this, flasks 
of basal media containing the compounds as given in Table I were inoculated 
and incubated for 3 days. 

Table I, 




Additional nitrogen. 



(NH,),SO,. 

Nil. 


(ilO'Vth. 

Indigotin. 

Growth. 

Indigotin. 

Carbon oompoviiid— 

1, Indol . 

0 

0 

0 

0 

2. Glycerol . 


(1 

U 

t> 

3. Tryptophan 

1 

\) 

T 

0 

4. Glycerol -h tryptophau . 

•f 

U 

\ 

U 

5. Glycerol 4 indol . 


+ 

4' 

4- 

6. Tryptophan -f indol. 

1 ..,.,. 

4- 

t j- 

4- 


Prom this experiment it was concluded that under these conditions the 
organism— 


(а) cannot use indol as a source of energy; 

(б) cannot oxidise indol to indigotin without an additional source of carbon; 
(c) can oxidise indol (given a supply of carbon) without an additional supply 

of combined nitrogen, and thus probably obtains nitrogen from the indol. 

An analysis of the medium, without indol or ammonium sulphate, showed 
that the amount of nitrogen present was only 0*0000025 per cent., which is 
considerably less than the analytical error.t 

* The method used for estimating the amount of indigotin was essentially Kawson's, as 
d^sorihed by W. A. Davis in ‘ Agric. Res. Inst. Fusa ’ (Indigo Publications), 1021. 

t The OKTor was about 0-000025 per oent. 1 am indebted to Dr. E. L. Richardson for 
tills estimation by the Kjeldahl method. 

x2 
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It is interesting to note from Table I that the organism cannot convert 
tryptophan into indigotin ; neither indol nor scatol was at any time produced. 
Scatol is not attacked by the organism. 


A high C: N ratio appears to bo most suitable to the growth of Ps. 
indoloxidans and the production of indigotin. The following amounts of glycerol 
and ammonium sulphate were added to 100 c.c. of the mineral salt solution : 



(Uyeend. 

(NH,),SO, 

0 

Bfttio. 

K 

! 

Oulturo a .i 

gm. 

0-5 

0 0126 

16 

1 

„ b . 

0 125 

0 0126 

4 

1 

,, c . 

0 031 

0 0126 

1 

i 




The above quantities were added from sterile solutions to the autoclaved mineral 
salt solution containing the indol. After 8 days’ iiujubatiouat 25" C., indol still 



Fig* U^^Jurves showing the relation between bacterial munberB and amount of indigotin . 
produced at different ratios of carbon to nitrogen. 
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occurred in flask (c), hut uot in the other two. The total bacteria and the 
amount of indigotin produced are shown in hg. 9. The bacterial numbers and 
the amount of indigotin produced both increase with higher ratios of carbon to 
lutrogen. 

Amilability of Onjamc Vompomids, 

In order to discover the relative vabic of different carbon compounds as 
KOur<;es of energy, flasks of media <iontaiuing ammonium sulphate as the 
additional source of nitrogen, were set up with the carbon compounds shown in 
Table II in the concentration 0*1 per cent, (except the media containing no 
additional carbon compound, that with cellulose, and that with naphthalene). 
The concentration of indol was ()•()! per cent. The (cloudiness or otherwise of 
the solution and the time when the blue of the indigotin was first noted are 
indicated. 

Table II.—^Relative Availability of the Different Sources of Energy. 

A —The following oompoundB did not supply enertry to th« orgaai«in and indigotin wtiH not 
produced 

Methyl aloohol, amyl, capryl, formic, Bodiiim formate, calcium formate, ammonium oxalate, 
valerianic acid (normal), xylose, sucrose, celhiioHO, ph<^nol, naphthalene, intlnl. 

B—Compounds supplying energy to the organism. 


Indigotin produced. 


Rolutiou clear. 
((.Trowth slight.) 


Blue first noted. 


Solution cJoudy. 


Blue first noted. 


ihiys 


Kthyl alwhoJ . 

Piopyl alcohol, nonnal 
Propyl alcohol, iso 
Butyl alcohol, normal 

Butyl alcohol, iso. 

Acetic add . 


Days. 

o 


5 

5 

3 

3 

3 


Adonitol 
Bttlcitol 
Arabinose 
tlaUotose 
lActoso ... 
Maltose ... 
HodB&nose 
Btarch . . 


12 

14 

13 

5 

13 

13 


Propionic add . 

Butyric acid 
Butyric acid, iso 
Valerianic acid, iso 
Glycerol 
Mannitol 

Dextrost^ . 

IjflO villose. 


19 

20 


(llycoJlic acid 


3 

3 

:i 

3 

2 

5 

3 


:{ 


61 ]rt!«rol was thus the most suitable of the compounds tested for supplying 
the. organism with an easily assimilable source of energy. It is of interest to 
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note that the organism behaves differently towards closely related compounds, 
xylose and arabinose, and the norrml and iso forms of valerianic acid. 
The relative value of certain amino-compoundB as energy sources was also 
tested. In this case, the ammonium sulphate was omitted from the solutions 
and no additional source of energy was supplied. 


Table III.—Relative Value of certain Amino-Compounds as Sources of 
Energy to Ps, indoloxidam. 


Ko indigotin produced. 

Indigotin produced from 
indol with 

Blue first noted* 



Days. 

Acetamide 

Urea 

S 


Asparagine 

4 


Glycine 

4 

Cystine 

Alanine 

4 

Valine 

Tyrosine 

Tryptophan 

8 


1 

o-Anthranilic acid 

Iisatin 

Aspartic acid 

1 1 


Ghx)wth was good on all of the media in which the indigotin was produced^ 
but of the other compounds cystine alone supported any growth. 


Purity of the Indigotin , 

The indigotin as collected on the asbestos filter bed previous to sulphonatkm 
is mixed with a considerable amount of impurity, e,g., mineral salts precipitated 
in the medium and bacterial growth. The amoimt of crude indigotin collected 
from cultures in which the bacteria had completed or passed their period of 
maximum growth is a fairly constant one, about 20 to 35 milligrams per 100 c.c. 
of culture. The presence of these impurities may affect the curve obtained by 
spectro-aualysis, especially in the visible region. The following are a few of 
the results obtained from the analysis of about 40 cultures. 

The figures in the final column represent the amount of indigotin produced 
expressed as a percentage of the amoimt of indol supplied. Since, however, 
112 gms. of indigotin may be produced from a 100 gms. of indol, the percentage 
figures must be divided by 1 *12 to arrive at the percentage of efficiency of the 
oxidation. 

The cultures quoted in Table IV, with the exception of No. 6, were grown at 
23® C. to 25® C-, but were not parallel cultures. No. 5 consisted of 500 c.c. 
medium in a Woulff's bottle, and was grown with a current of air flowing through 
continuously for the time stated at 10® C. to 12® C. (room temperature). 
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Table IV,—^Indigotia produced by Cultures of Ps. twdofoxidans in Solutions 
with various Sources of Energy and Nitrogen. 


Carbon. 

Nitrogen. 

Age. 

Crude 

indigotin. 

Pure indigotin 
per cent, of 
crude. 

Indigotin 
per cent, of 
indol supplied. 

1, Glycerol 

(NH.)„804 . 

3 

mgm». 

So 

28*6 

25-7 

2. 

16 

10-5 

60-7 

63-7 

3. 

,, . 

19 

21 0 

39-7 

63*3 

4. 

a*amino propionic acid 
asparagine, KNO3 

IS 

24-9 

30*2 

76-3 

3. M 

10 

140-5 

33r> 

94*1 

6. Araino-acetic 
acid 


9 

24 0 

27-6 

66-2 


Efficiency of Oxidation. 

In the experiments quoted above the best conditions for a maximum yield 
of indigotin may not have been found. While the indol can supply nitrogen 
and thus reduce the amount of indigotin produced, some of the indol may have 
been lost by volatilisation during sterilisation. An experiment was therefore 
set up, having the indol melted in the glycerol ammonium sulphate medium after 
the latter had been sterilised. The inoculated flasks were incubated at 26° C. 
for 4 days, when the bacteria in 1 c.c. from each flask were counted by plating 
on nutrient agar, and the remainder of the culture filtered to collect the indigotin. 
The result was as follows :— 

Bacteria, Indigotin, 

millions per c.c, mgms. 


Culture 1 . 268 11-39 

„ 2 298 9-17 


The first of these two cultures gave the highest pefrcentage conversion (100 per 
cent.) of the indol that has been obtained. The efficiency of oxidation can, 
therefore, be raised by this procedure. 

Toxicity of Indol. 

Indol appears to depress the growth of the organism. This was tested 
by growing the organism on media containing the usual amount (0 -01 per cent.) 
of indol, and half of that concentration. A comparison was made at the same 
time between glycerol and dextrose as sources of energy. The bacteria were 
counted plating on nutrient agar after 4 days^ incubation at 25° C. The 
result is shown below. 
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Growth of Ps. inddoxidam at Two Conoentrationa of IndoL 

Bacteria^ mnUons per c«c. 

IndoL Dextrose. Glycerol, 

per cent. 

()‘005 327 237 

O'Ol 22*5 25 

The higher concentration of the indol therefore prevents rapid growth of the 
organisin. It was also noted from this and other experiments carried out under 
similar conditions that the organisms multiplied rapidly as soon as the indol 
had been used up. 

Delayed Addition of Indoh 

The effect of adding indol to a culture after growth had started was also 
tested. Flasks of mineral salt solution of the usual composition, with glycerol, 
were inoculated and incubated at 27° C. After 2, 4 and 7 days' growth 10 c.c, 
of a 0*1 per cent, solution of indol was run into the cultures. Blue crystals 
appeared within 24 hours in the cultures thus treated after 2 days, but not in 
those treated after 4 and 7 days’ growth. The production of indigotin, however, 
after 2 days’ growth, was not continued to any extent. It appears, therefore, 
that the oxidation of indol takes place only during the early stages of growth 
of the organism. 

Intermediate Prodiicts, 

If the conversion of indol to indigotin by P«. indoloxidam is a simple oxida¬ 
tion, indoxyl would be expected to occur as an intermediate product. It has, 
however, been suggested (see pp. 268-269) that it is improbable that the excre¬ 
tion of indoxyl takes place from within the cells of Ps. indoloxidans. Davis* 
states that the presence of unoxidised indoxyl in the liquor of the beating vat may 
be detected by exposing a little of the solution on filter paper to the fumes of 
ammonia; if free indoxyl is present the paper becomes blue or greem No. 
trace of such a reaction has been found in several cultures of Pa, irMooddam^ 
all of which remained alkaline; traces of indoxyl would not remain in sedution 
long enough to allow detection by that method. From the further fact that 
the whole of the indol supplied can be oxidised to indigotin, it also seems unlikely 
that the presence of free indoxyl could be demonstrated. 

Further Oxidation Producta. 

Since indigotin may be further oxidised to compounds which are soluble in 
water, and therefore not collected in the precipitate, an attempt was made to 
** Agno. Kes. List. I^isa * (Indigo Pablieatiom), liMll, 
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discover the presence of isatin in older cultures. The method adopted to test 
for the presence of isatin was that given by Porcher.* This consists in acidify¬ 
ing the solution to be tested and shaking it up with ether ; the ether extract is 
evaporated on a porcelain dish and the residue treated with a few drops of benzol 
containing 1 per cent, thiophen, when the presence of isatin is indicated by a 
bright blue rim. No trace of this reaction has been observed in several cultures 
on which this test was made. It has already been stated that loss of indol by 
volatility may account for the yield of indigotin being less than that which 
it is theoretically possible to obtain, and that this loss can be overcome by 
omitting sterilisation. It seems improbable, therefore, that indigotin is further 
oxidised to isatin by this organism. 

Summary and Abstract. 

1. A soil organism, Pseudonumas indoloxidans, n.sp., oxidises indol to 
indigotin in solution cultures and on agar media. 

2. The indigotin is formed as crystals outside th(j organism, appearing 
first within 20 hours on agar media. The crystals decrease in numl)er with 
increasing distance from the bacterial growth. 

3. Indol does not act as a source of energy, some other source being necessary 
to effect the oxidation of indol to indigotin. Of a niunber of carbon compounds 
tested, glycerol appears most readily to act as a source of energy in the oxida¬ 
tion. Bacterial numbers and the amount of indigotin produced increase with 
higher ratios of carbon to nitrogen. The organism can utilise trytophan as 
an energy source but produces neither indol nor indigotin therefrom. 

4. Indol is oxidised only by young growing cultures, and can be oxidised in 
the absence of other nitrogen compounds ; it depresses the multiplication of 
the bacteria. 

5. No trace of indoxyl has been found in cultures, and the indigotin is not 
further oxidised to isatin. 

6. Two other soil organisms, Mycdbmtefium globeruhim n.sp. and Micrococcus 
pibonenm (Gray and Thornton) n.sp., can also produce small amounts of 
indigotin on indol agar only. 

I wish to thank Mr. H. 6. Thornton, Head of the Department of Bacteri¬ 
ology, for his unfailing interest and valuable suggestions. 


♦ * Bull Soc. Ghim. de Pranoe* (IV), voL 5, p, 536 (1909). 
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A Consideration of Some Attempts to Analyse Growth Curves. 

By G. E. Bmoas, 8t. Jolm’s College, Cambridge. 

{Communicated by Dr. F. F. Blackman, F.B.S,—^Received November 9,1927.) 

No matter what attribute of an organism is oonsideTOd—^hej^t, weight, 
activity, etc.—"the rate of change of this attribute, the growth, depends upon tile 
age of the organism. In many oases the rate of change is small at first, bepomes 
faster and faster for a certain time, and then slower and dower, litis driitof 
the rate of growth with increasing age is found when organisms ate ke0 in 
constant environments. Such a drift in a constant environment may be tskmt 
as an expression of a drift in the organism itself, and the rate of growtib. can be 
taken as a measure of this “ internal factor.” If two precisely similar otgamisms 
were placed at riteir beginnings in two different constant environiaents, it is 
highly probable that the form of the drift of i^wth rate with time would be 
different. One of the organisms would be older than the other when a pertam 
growth rate was attained. 

Although we might say that at these points the intensity of Ae “ internal 
factor,” or the effective amount of “ growing nmteiial ” as it has been caUb^d (fi), 
of two organisms was the same, we do not mean that the oiganiams ace 
identical. The “ internal factor ” determining the rate of gtowdi is a kind of 
integration of ad the various factors inside the orgwiism. Fewr esuaple, in 
the case of the growth in weight of a plant, number and stae of gtoamag points, 
accessibility of food supplies, etc., are factors detmtninii^ the dimenrions of the 
'' internal factor.” The two organisms may differ m each of their sabridiaxy 
factors whilst possessing “ internal factors ” of Hy d>m enet oTis- 











ctf ifrow^fa oaly ttpoai the ktemul complesc, but also 

ujpu^ the esttehial coxupicUt wMeb ift oalted the euviroximeBt. This is adiiattedly 
U division, for in msny cases it is difficult to say whether a factor is to be 
ih<^uded in the external complex or the internal, but it is sufficient for our 
present purposes. Two totally different environments might have the same 
effect on the growth rate of an organism, and from one point of view they could 
be ccmsidesred the same. As we can usually analyse the environment, it is 


In many oases further analysis than at present achieved is desirable. For 
example, in the study of the growth of plants in relation to radiation, it is 
desirable to know something about its composition as well as its tot^ intensity, 
the attribute usually and most easily measured. Perhaps in the future it wiH 
be possible to analyse the internal factor ” into growing material and internal 
environment.*' 


We can say then that the rate of growth of an organism is a function of the 
“ internal factor,” at present unanalysed, and the various attributes of the 
environment. Change of environment need not always have the same effect 
on the rate of growth. Even though two organisms have the same rate of 
growth under one set of conditions, yet the component parts of the ” internal • 
factor ” may be different in the two cases and may be differently affected by 
change of environment. 

The problems of growth are many, but one which has received some attention 
in the past is the evaluation of the effect of environmental conditions on the 
growth of plants under natural conditions. It is a consideration of some of 
these attempts which we propose to make. Although the experiments have 
been carried out with plants, the criticism is fundamental to all such attempts 
to analyse growth-^whether of plant or animal individuals, living or non-living 


aggrf^tes. 

The data are as follows: (a) Rates ol growth for definite Combinations of 
“ iuternaJ factor ” and environment, and (6) various attributes of the environ¬ 
ment. In the case of the constant environment we observe the drift at internal 
factor.” If we had organisms with identical ‘' internal factors,” idmrtical in 
the values of the cotnpon^ factors, in environments which differed in but one 
attribute, we could ascertain the of growth and dimensions 

of this attribute. But to deteminne both the drift and the relation is the 
problem. 

Various attempts have bean made to find a solution to this problem (1, 3, 6), 
and the imnression that a iviidiltod 
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For ill the latter paper we find “ plants being the playthings of the changing 
external milmi, it is difficult to discern the laws which are fundamental fo? their 
growth ... however, the influence of external variations on observations made 
on growth may l>e eliminated by calculations of correlation coeflicieuts for 
difffjrent external factors and then obtaining normal values/’ With our present 
limited knowledge it would be too much to expect more than an approximate 
solution in the first place. Our first step must necessarily be tentative. The 
solutions we are about to consider are, in our opinion, not only tentative but are 
based upon an assumption for which no justification has been advanced and 
which in many cases is invalid. 

We propose to discuss not the conclusions drawn from the analyses but the 
analyses themselves. Brenchley (1), having collected data of the growth rate 
of plants and the conditions of the environment, said let R«, the growth rate at 
the tith unit of time from a certain zero time, be related to the attributes 
c„,* etc., of the environment during the period of time by the following 
expression 

= A 4* 4" • *»» 

and by the solution of sets of equations she obtained best value for the constants 
A, B, 0, etc. Whatever the terminology she used, the impression at least one 
reader deprived from the paper is that its author thought that the rate of growth 
wiis determined by the age of the plant nimsured in units of imm (A + Bn) 
and the intensity of the extenial factors as expressed in the above equation, 

Vyvyan’s method (5) is made clear by the following statements ; “ The 
object of the methods ... is to estimate the magnitude of this ‘ daily factor ’ 
on the successive (laj^s of the exjx^riment in order that its influence may be 
eliminated and the ' ideal ’ values of the rate of growth ascertained. By 
‘ daily factor ’ is meant the deviation of the observed grow4h magnitude on a 
date from the ‘ ideal ’ value that would have been obtained on that date had 
environmental conditions remained constant at their moan for the whole period 
of the experiment.” 

Gregory (3) substitutes the term ” normal ” for ideal ” and says: If the 
shape of the normal curve (the normal values plotted against time) were known 
, . . the effect of changes in environment might be measured by comparing 
the fdopes of comparable portions of experimental and normal curves.” This 
k somewhat vague, but the procedure adopted is clear and was as follows: An 
approximation to a normal curve was obtained and the difference between 

^ These values are measured from the mean value* 
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the rate of growth calculated over the period between a? per cent, and y per cent, 
of the time taken to attain the maximum size from the observed ciu've, and the 
rate over a similar period from the normal curve was taken to bo due to the effect 
of external factors and was assumed to be related to them in the same manner 
as assumed by Brenchley, The chief difference is that one uses time in days 
and the other time in fractions of time taken to reach the maximum size. 

Let us consider the assumptions made. They all assume that r* being the 
rate of growiih which the organism would have bad in its nth period of existence 
if (a) the external conditions of all the preceding duration of its existence had 
been at the mean value, and (fe) the conditions were still at the mean during the 
nth period, then the actual rate will be related to and the value of the 
environment of the nth period by the following exj7re88ion R,, = / (r„, e„) whi(th 
would bo r* if had the mean value. Vyvyan tries two different forms for this 
expression, but eventually decides upon the form used by the other two investi¬ 
gators, that some ftmetion of the environment has to be added to the normal 
value to give the observed value. With the justification of this portion of 
the procedure we arc not here concerned. 

The point is that these methods attribute the difference in rate of growth in 
the Jith period of existence (measured in days or as fraction of the total exis¬ 
tence) solely to the difference in the environment of that period. Since in all 
three the relative rate, that is, j)ercentage increase and not the absolute increase, 
is used, the methods assume that in the nth j>eriod of existence the absolute 
rate of increase will be proportional to the size of the organism (its dry weight 
or whatever attribute is being measured). In other words, the difference in 
size is assumed to be a measure of the difference in “ internal factor ” deter¬ 
mining the difference in the absolvite rate of increase of size. In some simple 
cases, such as the size of a colony of unicellular organisms, such as yeast, in 
the exponential phase of growth, this may be so; in the exponential phase the 
percentage rate of increase does not change with time. But in the case of 
organisms such as the higher plants there is no evidence of which we know 
that justifies in the slightest degree such an assumption. In fact, the evidence 
is against it. Plants which are backward through previous experience often 
tend to catch up more forward plants of the same age when put under the same 
conditions as the latter. The same often applies to animals. In any case to 
retain the same degree of inferiority* for the rest of the life is unusual; inferiority 
perhaps, but not precisely the same degree. 

♦ if forward and baokward organiama have the same relative rate of growth the ratio 
of tlks Mbm 
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It seems more likely that if the euviroiiment during the n — 1 previous periods 
bad been below the mean, the rate on the wth period would have been 
(the “ normal ” rate for some previous period) if the environment was mean 
for the nth period, or / if the environment for the «th period had 

deviated from th(*. mean. (>r we can put the matter in another way and say 
that the actual rate is a function of (a) the ‘‘ normal value (6) the environ¬ 
ment at the time, and (c) the previous environment, = / (r,^, ^ 2 , . . . 

for is a function of the rate which would have obtained if the environment 
during the nth period had been average (p^J'and of the deviation of the environ¬ 
ment of this period from the average, and this is a function of and the 
environment in the previous n — I periods. 

The above mc^tliods involve another assumption for which no justification is 
attempted, and that is that a difference in the environment has the same effect 
on the relative rate of growth at all stages of the organism. Again, evidence 
ia against th(5 validity of the assumption. 

We will consider the case of an autocatalytic reaction as a concrete example. 
This is not irrelevant, for although no attempt to apply the above methods to 
an analysis of such reactions has been made (so far as we are aware) yet such 
reactions may occur xinder natural conditions, and someone may apply a similar 
method of analysis in the future; if they have not already done so. Moreover, 
there arc biologists who believe that growth and autocatalytic reactions are 
closely related. The course of such a reaction is (expressed by the equation 
R K.X (A — a:) where R is the rate at which the substance disappears, x its 
concentration and A its original concentration, K is a function of the environ¬ 
ment. The relative rate, R/o; at any moment will depend not only upon the 
environment but also upon A — x; the latter quantity depends upon the 
previous history. We are not suggesting that there is any fundamental relation 
between growth of organisms and autocatalytic rcjaotions. 

^ Another way of viewing the matter is as follows. In the methods considered 
the relative rate of growth is assumed to be determined by the normal ’’ rate 
for that time, this * normal ’’ rate depends upon the average environment for 
the whole life. It is also determined by the deviation of the environment of 
that time from the average for the whole period, before and after. As it is 
possible to have the same average conditions made up of different previous and 
subsequent sets of conditions, the methods* would be justifiable if subsequent 
environment as well as previous helped to determine the growth rate. In 
Gregory 8 method this may be so, since he uses time as a fraction of total time to 
reach the maximum size and this fraction depends upon subsequent envirbii- 
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ment. But despite this substitution of time as a fraction of the total for time in 
days, there is no evidence that when an organism has lived a half, or any other 
fraction, of its total 8j)an of life the relative rate of growth at that stage will 
be determined by the average environment for the whole life, no matter what the 
environment has been during the first half of the period. On the other hand, it 
seems likely that it will be dependent upon the environment for the first half 
of the period. 

As a result of the above considerations, we suggest that the problem of the 
analysis of an observed growth rat<5 into that part which we may call “ normal ” 
and that part which we may consider due to the deviation of the environment 
from mean conditions has not been solved by the above methods, and hende any 
conclusions based on such methods may be wrong. 

It is to be expected that different lines of attack will have to be adopted for 
different growth problems. The method will depend not only upon the type of 
organism but upon our knowledge of internal processes and structure, etc., the 
factors determining the internal factor.’* In the case of higher plants we have 
some knowledge of photosynthesis, the process by which the bulk of the dry 
material in the plant is produced. In another place Briggs, Kidd and West (2) 
suggested that for some plants diuing an appreciable portion of the life cycle 
the leaf area may be a measure of the amount of growing material, so far as 
increase of dry-weight is concerned. If that is the case the rate of increase of 
dry weight per unit leaf area, called unit leaf rate, should fluctuate about a 
mean, the fluctuations being determined by the fluctuations of the environment. 
If we could ascertain the form of the relation between deviation of unit leaf rate 
and deviation of environment then we should be a step forward in our analysis. 

In conclusion, it may be said that this note is not intended to be a detailed 
exposition of the problems involved in the analysis of growth of organisms, but 
just enough to make clear why the writer believes that the methods criticised 
ore not steps in the right direction for a better understanding of the drift of 
growth rate with time, and of the effect of environment on growth. 


The writer is indebted to Dr. F. F. Blackman for reading the manuscript and 


for suggestions. 
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1. Origin of Material. 

The study of twins is somewhat impeded in Great Britain by the absence of 
the registration of multiple births; for, contrary to the practice of most civilised 
countries, the occurrence of twins appears in the registers as two distinct births, 
ooenrring to the same parents at an unusually short interval of time. Conse¬ 
quently official data are lacking as to the frequency and sex distribution of 
twins and triplets. On the other hand, the existence of a Royal Bounty for 
triplets supplies a potential source of information, of which it is believed 
scientific use has not previously been made. The records of the Royal Bounty, 
in the charge of the Secretary of His Majesty’s Privy Purse, constitute in eflect 
a special registry of triplet births, including the great majority of the cases in 
Great Britain and Ireland. With the support of the Medical Research Council 
the author was kindly allowed access to this material, for which he desires 
to express his indebtedness to all concerned. 

Visits to individual families for the purpose of measuring the surviving 
children made the enquiry a more expensive one than if the information hod 
been gathered merely by correspondence. During three years the British 
Association made grants to a Committee, appointed by Section H, under the 
chairmanship of Dr. Shrubsall, in aid of this work, which together with a 
generous donation from Major Leonard Darwin covered nearly the whole of the 
actual expenditure. This would have been much greater had not a number of 
gentlemen (see below, p. 288), situated in districts distant from London, freely 
given their assistance in taking measurements, 

A study of the conclusions arrived at in different inve^igations of twin bitthft 
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reveals two serious disabilities from which existing bodies of data ordinarily 
suffer. The most important collections of twin measurements, such as those 
of Thorndike (10), Dahlberg (3), and Lanterbaoh (4), refer to twins of ages from 
childhood to adolescence, with a few adult cases. Statistical allowance for age 
is not easy over a period which includes a well-marked maximum of growth rate, 
which occurs at considerably different ages for boys and for girls, and doubtless 
at different ages also for children of the same sex. Attempts have been made 
to eliminate the effects of varying age by comparison with a larger number of 
children from single births (10), data which are seldom available, and by the 
use of empirical growth ciirves based upon the twin measurements (4), a procedure 
which is useful only when the data are exceptionally extensive. Both methods, 
however, are open to the objection that possibly hereditary factors play an 
important part in the determination of precocity or the reverse, and that, if so, 
similar genetic variation in children of opposite sex may produce a materially 
less degree of resemblance between twins (who, of course, are usually at the same 
age at the time of measurement) than in the -case of twins of like sex. 

The second disability also affects collections of measurements, but in an 

even more serious degree appears to influence studies of the inheritance of the 

« 

twinuing tendeacy. It is that cases are brought to the notice ol the investigator 
on account of their interesting character. The investigation may even have 
been initiated by some such interesting group of cases, and even if subsequent 
cases are collected by some sound method which excludes the possibility of 
unconscious selection, the collection will still in some degree retain its atypical 
character. Large collections, if not composite, escape this difficulty better 
than small collections, but with the increased precision with which tests of 
statistical signiiicanoe are now carried out, it becomes the more important to 
emphasise that only data obtained on a carefully planned and imifonn basis are 
capable under such tests of yielding valid conclusions. How far this oon~ 
sidsration is capable of explaining the great discrepancies, not only between the 
ooQolusions of different investigators, but between the bodies of data they 
present, can only be known as material free from this suspicion is accumulated. 

The material for the present study comprises three consecutive years of the 
King’s Bounty records, with dates of birth ranging from October 8, 1917, to 
September 28,1920. The period was chosen so that from the time the investi¬ 
gation was commenced surviving children should be available for measurement 
at a ixed age, which was selected in advance at 6^ years. If two or more triplet 
cihUdren survived to this age, they were measured. Since the limiting factor 
qf ^ enquhj was the cost of visiting the children at this time, no attempt was 
■ wn, pi.—B. ' y 



288 B, A. Fisher* 

xoade to recover at a later date the measurements of cases, which for one reasou 
or another could not be measured at the right time. It would have been 
scarcely possible to obtain the measurements but for the assistance of Mr. E. M, 
Somerfield in Ireland, Dr. Alexander Low in Scotland, and Mr. L. H. C. Tippett 
who measured a large number of cases in the Midlands and North of England, 
Mr. A. R. Stoncy Smith also measured several of the earlier English cases. To 
the care of these voluntary assistants in procuring accurate and comparable 
measurements must be ascribed the clear and unambiguous results to which 
the measurements data point. 

All parents, whether the triplet children survived or not, were asked to fill 
in a relationship form, giving the numbers and sexes of all children, whether by 
single or multiple births, in certain nearly related families. The importance of 
obtaining complete data over a uniform range of kinship cannot be over¬ 
emphasised. In many families remarkable cases of multiple births from com¬ 
paratively remote relatives are thrust under the notice of the investigator, 
but must be ignored, since it is only for the families of near relatives of the 
father and mother of the triplets that complete and reliable information can 
ordinarily be obtained. The children born to the father and mother of the 
triplets and the children born to their parents are normally well known; in 
addition, the questionnaire covered the children of the brothers and sisters of 
the parents of the triplets. The latter contain a proportion of incomplete 
famibes, and a number of individual families had to be omitted owing to migra¬ 
tion, Only cases in which the number and sexes of the children could be 
listed with confidence were included. 

The numerical data, together with the specification of the measurements 
taken, have been filed at the Natural History Museum at South Kensington, 
under the arrangements made for the conservation of biological measurements 
by the Measurements Committee of the British Association. 

2. Survimh 

In all 166 cases of triplet births were available for enquiry; of these, however, 
no reply could be obtained in 20 cases, either from change of address since the 
birth of the children, or more rarely from the parents being unwilling to supply 
information. The data for survival in the remaining 146 cases are given 
below. 
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Bom. 

! 3 boys. 

1 

2 boys, 

1 girl. 

1 boy. 

2 girU. 

I 

^ 3 girls, 

1-.. .. 

Total. 

AD living.. 

2 

4 

1 8 

6 

20 

One dead— 

Boy.. 

7 

i 

4 

10 


21 

Girl. 


3 

12 

0 

21 

One Dving— 

Bov. 

6 

S 

3 


17 

. 

Girl. 


1 

11 


21 

Hex unknown . .. 

___ 

2 

2 


4 

All do^d . 

7 

15 

14 

6 

42 

Unknown . 

S ^ 

3 

5 

4 

20 





Total . . 

i 

30 1 

40 

65 

31 

166 


The proportion surviving differs in the two sexes, but does not seem to differ 
greatly in the four types of triplet birth. From the table above the following 
percentages of survival are calculated :— 


Tabls IL—Percentages Surviving. 



3 boys. 

2 boys, 

1 girl. 

1 boy, 

2 girls. 

3 girls. 

f 

Total. 

Boys . 

39 

37 

40 


39 

<JirU .. 


26 1 

1 

51 

48 

46 




The low proportion of survival among the girls, in sets with two boys and one 
girl, is noticeable, but this is based on only 35 cases, of which 9 survived. 

As is to be expected both from the genetical similarity of the children and 
from the similarity of their experience up to and including birth, the deaths 
of one or more children in the same set are far from independent. Of 101 pairs 
of two boys, in 20 cases both survived, in 38 one survived, and in 43 cases neither 
survived ; thus the chance of survival of a boy is raised to 61 per cent, if his 
brother lives from the value 31 per cent, if his brother dies. Of 188 pairs of 
opposite sex, in 40 cases both lived, in 32 cases the boy only survived, in 37 
cases the girl only survived, and in 79 cases both died; thus the chance of 
survival of the boy of such a pair is raised from 29 percent, to 62 per cent, by the 
survival of his sister ; while the chance of survival of the girl is raised from 32 
per cent, to 56 per cent, by the survival of her brother. Finally, of 140 pairs 
of two gfrUj in 42 cases both survived, in 63 cases only one survived, and in 45 
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oases neither survived ; consequently the chance of survival of a girl is raised 
from 37 per cent, to 61 per cent, by the survival of her sister. The association 
seems to be just as close between children of opposite sex as between children 
of the same sex, a fact which suggests that, with the high mortality experienced 
by triplet children, genetic similarity has little to do with the similarity of the 
chances of life. 

3. Average Size of Triplet Chiklren. 

The children actually measured numbered 49 boys and 68 girls. The averages 
of the six measurements taken for each type of triplet births and for the aggre¬ 
gate of all ty])es are given in Tables III and IV. 


Table III.—Average Size of Boys. 


TyjK'. 

Numl>cr of 
individuals. 

Stature. 

Stem. 

Span. 

Ixift 

cubit. 

Head. 

Length. 

Breadth. 



min. 

1 i 

mm. 

mm. 

mm. 

mm. 

mm. 

S boys . 

18 ! 

1102 

624 

1090 

292*0 

178*3 

143*4 

2 bt>ys, 1 girl . 

1 Ui 

1127 

640 

1128 

304*6 

179*3 

140*8 

1 boy, 2 girls . 

j 15 

1092 

624 

1100 

290*8 

176*3 

140*2 

Aggregate 

1 49 

i 

1107*0 1 

629-2 

1105*6 

295*7 

178*0 

141*6 


Table IV.—Average Size of Girls. 


TyiKj. 

Numlwr of 
individuals. 

Stature. 

Stem. 

1 

Span, 

Left 

cubit. 

Head. 

Length. 

Breadth* 



mm. 

mm. 

mm. 

mm. 

mra. 

mm. 

2 boys, 1 girl . 

8 

1106 

628 

1084 

202*9 

170*5 

138*3 

1 boy, 2 girls . 

38 

1078 

610 

1071 

283*9 

172*2 

135-6 

3 girls . 

22 

1065 

608 

1060 

278-6 

168-6 

136*6 

Aggregate 

68 

1077*0 

016 0 

1069*1 

283*3 

1708 

m-s 


It would be of great interest to compare the general averages with those of 
children by single births of the same age. The growth curve of children is, 
however, only known for a few special districts, and no general figure is avail¬ 
able for the whole country, such as would be comparable with the triplet 


















Triplet Children in Great Britain and Ireland, 291 

toateriaL DunBtan(2) gives valuable figures based on 300 measurements of 
stature in each trimester for the children of the rural area of E. Sussex. At 
6J years of age his boys averaged 1114*4 mm. and his girls 1103-2 mm. Com¬ 
parison may also be made with the average heights obtained from Miss Elder- 
ton's distribution for Glasgow School children (1), Table III, p. 296. 


Table V.—Average Stature of Children at 6J Years. 



Tri plots. 

K. Sussex, 
rural. 

Glasgow A, 
poorest 
district. 

Glasgow B, 
poor 
district. 

Glasgow C, 
bettor 
class. 

Glasgow D, 
still higher 
class. 

! 

Boys . 

Crirlfi , . 

mm. i 

1107-0 
1077*0 

mm. 

1114*4 

1103-2 

1 

mm. 

1 1070*0 

1005-0 

1 

mm. 

1093-4 

1088-4 

mm. 

1093-4 

1087*2 

mm. 

1115-0 

llU-2 


The differences between the different districts, though not exceeding 2 inches, 
are sufficiently great to leave in some uncertainty the comparison of triplet 
with single children. They are, of course, far too great to be ascribed to random 
sampling, but neither environmental nor hereditary factors can be excluded. 
With boys the average stature at this age in E. Sussex agrees with the “ still 
higher class ” schools in Glasgow, and only these two give a higher average 
than the triplets; the triplet girls do not compare so well, being taller only 
than the Glasgow girls from the lowest class districts. The averages cannot be 
taken to indicate that triplet children are on the average less tall at 6| years of 
age than are children from single births. The distinguishing feature of the 
triplet measurements is not their average values, but the large sex difference. 
In the collections based on large samples to which the comparison is made, the 
sex difference is about 11 mm. in B. Sussex and only about 5 mm. in all the 
Glasgow groups ; the triplets show a difference of 30 mm. If standard errors 
are calculated for the triplet children regarded as independent samples, the values 
would be only 6 and 5 mm., and would not suffice to explain the large sex 
difference. . 

Actually, the children are drawn in batches of two or three from the same 
family, a circumstance which tends somewhat to increase the liability to error 
of the two averages; on the other hand, the fact that many of the pairs of 
opposite sex are brother and sister will tend to diminish the error of the differ¬ 
ence. In order to obtain a strict test the sex difference was obtained for the 23 
families in which both boys and girls had been measured, counting each family 
as only a single observation. The mean sex difference is then found to be 
18 mm., with a standard error of nearly 9 mm,; there are, in fact, somewhat 
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large differences between different families measured in the relative stature of 
the boys and the girls, but the remarkable sex difference observed in the stature 
of the triplets is largely due to the boys having come predominantly from the 
taller families. 

The average stature of the two sexes, 1092 mm., is seen to correspond with 
districts B and C of Glasgow, being about three-quarters of an inch less than that 
of rural E. Sussex and Glasgow district D, and nearly an inch greater than 
Glasgow district A. This simple result is one of the most surprising of the 
enquiry. It is well known that the correlations observed between the measure¬ 
ments of near relatives are only intelligible on the view that at least 90 per cent, 
of the variance observed in adult stature is due to genetic differences (8), This 
conclusion does not exclude the induction by environmental causes of an 
increase or decrease of stature of the order of half an inch, as a frequent occur¬ 
rence ; nor does it exclude effects of greater magnitude induced by extra¬ 
ordinary circumstances. The pre-natal conditions of triplet children must 
be exceptionally uiifavourable, and the birth is very frequently premature. 
Perhaps the best measure of the severity of the environment which they have 
experienced consists in the very large post-natal death-rate. The conditions 
are sufficiently severe t/O kill more than half thf3 children, but appear to be 
almost, if not entirely, inoperative in checking the normal growth of the 
survivors. 

It will not be argued that the recovery of these children to normal stature 
is due to their environmental conditions during infancy and early childhood 
being in any way above the average ; on the contrary, since the wage system in 
this country makes no allowance for the burden of offspring, we may be certain 
that the very existence of the triplet children will ordinarily induce a con¬ 
dition of economic hardship, which will last at least as long as the children 
remain dependents. An equally important circumstance is that, apart from 
economic stress, the amount of the care and attention ordinarily bestowed by 
their mothers upon children at these ages must be much diminished. It would 
appear that we must conclude that whatever may be the case in animals with a 
shorter growth period, the long duration of infancy and childhood in man gives 
ample opportunity for full recovery from the effects of pre-natal conditions, and 
for the full realisation of the genetic jmtentialities, even in characters, such aa 
genial growth, in which environmental modification would seem to be most 
readily effected. 
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4. Precision of Measurements. 

The precision attainable in different human measurements does not seem 
to have been at all fully studied. In an investigation like the present in which 
it is important to determine with accuracy the degree of resemblance between 
children, many of whom may be of monozygotic origin, it is essential not only 
that no effort should be spared to attain adequate accuracy, but that objective 
evidence of the accuracy actually attained should be put on record. It was 
therefore arranged that for the majority of the cases measured, and especially 
for those of which the author had the greatest suspicion (namely, his own) 
that not only should the measurer satisfy himself that an accurate measure 
had been taken, but also that independent duplicate measures of the same value 
should be obtained, in order to yield by subsequent comparison an independent 
estimate of the ac/Ciirocy of measurement. In doing this the specific purpose 
of the accuracy aimed at was held in view. The differences between different 
families of children are comparatively large, and these differences ore to be 
used only in estimating the general variance of triplet children of a given age. 
The small systematic errors which undoubtedly exist between the measures 
obtained by different observers using different instruments will be entirely 
unimportant in estimating this variance, which will, on the contrary, be seriously 
affected by paucity of material, and should, in the author’s opinion, be obtained 
from such an accurate estimate of the variance of the population as could be 
made from a carefully plaimed anthropometric survey based on the sampling 
method. In the second place, the small fluctuations, which, on the analogy of 
laboratory determinations would doubtless affect the same observer making the 
same measurements on different days, have fortunately no relevance to the 
comparisons between the measurements of different children on the same day 
and in the same circumstances. The errors in such comparisons should, in fact, 
be perfectly represented by the discrepancies between duplicate measurements 
taken at the same sitting. 

The variance of a single observation of each measurement is given in 
Table VL 

If two values for the same measurement showed a marked discrepancy, a 
third was taken, a procedure which served to exclude gross errors. All measure- 
meats left on record were used in the above table, each case contributing 1 or 
2 to the number of comparisons according as 2 or 3 meastirements were left on 
record. The standard error of the vahies adopted will be nearly that calculated 
from the mean of two measurements, though this will be a slight over-estimate 
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Table VI.—Variation in Reported Measurements. 


t 

Number 

Single measurements. 

Moan of 2, 

Per cent, of 


of 

comparisons. 

Variauc(r, 

Standard 

error. 

standard 

error. 

like-sex 

variance. 

Stfttuw . 

77 

mm®, 

0171 

mm, 

2-48 

mm. 

1*89 

0-57 

Stem ion^jth . . 

7;{ 

12-751 

3-57 

2-53 

2*60 

Span . 

70 

40-904 

0-40 

4*63 

3-16 

Cubit . 

77 

3-366 

1-83 

1-30 

3-03 

Head length 

75 

0-691 

0-831 

0-688 

3*63 

Head brottdth . 

70 

0-331 

0-576 

0-407 

2-46 


owing to the cases, which include measurements made in the least accurate 
circumstances, in which the mean of three values was employed. The last 
column expresHCH the variance ascribable to errors of measurement as a 
percentage of the variance ascribable to differences between triplets of like 
sex, calculated in a similar way. Since in no case this amounts to 4 per cent., 
it is evident that the estimate of degree of resemblance even between the like-sex 
pairs, will not be vitiated in the case of any one measurement by the working 
errors. 

Dahlberg (8) gives a most valuable account of the errors of measurement 
detected in his study of the resemblance between twins. The values given, on 
p. 199 of his book, for 15 bodily measurements refer to the standard difference 
between single measurements, and are therefore double the standard errors of 
the mean of two measurements. For length of head, Dahlberg’s figures indicate 
a higher pretasion than that attained in this enquiry, for the standard error of 
tile mean of two of his measurements would be only 0*35; for breadth of 
head, his standard error, 0*415, is about the same as that given by our own 
data, blit for stature his value is 2*69, a larger value than the 1*89 indicated 
above, though not one which would detract from the value of his observations. 

5. Degreen of Resefnblance, 

5.1. ResenMance of Trifkts of Unlike Sex .—The triplets living to be measured 
supply 34 cases of pairs of opposite sex. These must be regarded as dizygotic 
pairs. If they are also biovular, provided the fraction of the variance for 
which environmental variations is responsible is quite small, they should show 
the same degree of correlation os that shown by adult brothers and sisters by 
different births. This test was applied to Lauterbach^s data, an attempt being 
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made to eliminate the age of measurement by fitting a cubic growth curve to 
the measurements of each sex. The values then found were somewhat low 
{see Table VIII) compared to well-ascertained fraternal correlations from single 
I)irtha, with the exception of that for cephalic index, which in that body of 
material showed no appreciable differentiation duo to age or sex. It might 
therefore be supposed that this procedure could not, in view of the marked 
flpurt of growth at pulierty, entirely eliminate the disturbance due to varying 
ages. 

As appears from the table, the present material based on measurements at a 
fixed age does, in fact, yield higher values, comparable with that obtained for 
cephalic index in Lauterbach’s data. The natural supposition that weight, 
which yields the lowest unlike-sex correla tion, is in reality not so highly correlated, 
even in growing children, as are the skeletal measurements, is not suppoited by 
the high values found for this variate between like sex pairs. The difference 
between the averages of the two series is, therefore, in so far as it is not ascribable 
to random sampling, probably due to the uniform age of the triplets. 


Table VII. Covariation of Pairs of Opposite Sex. 



Mean, 

Sum of 

aquart^H. 

Sum of 
products. 

(/ortx4ation. 

Boys. 

Cliiis. 

Boys. 

Girls. 


z. 

Stature . 

1104 

1083 

71,640 

^ 51.594 

32,733 

0-639 

0-602 

Stem length . 

630 

622 

17.473 

8,984 

61,123 

0-409 

0-435 

Span. 

1111 

1073 

86,927 

62,219 

37,946 

0-616 

0f>7l 

Cubit . 

296*4 

286-5 

12,206 

8,926 

7,032 

0-646 

0-767 

Head length . 

176*8 

! 170*3 

1 1,899*0 

1,069-7 

670-0 

0-472 

0-613 

Head breadth . 

140*0 

136-4 

1 1,084-1 

709-4 

573-4 

0-654 

0-782 


Table VIII.—Correlations between Brother and Sister. 


{ Stature 
Span ... 
Cubit 


r. Mean r. 

0'553 1 

0-626 y 0-608 3b 0*012 
0*440 J 


Twins 


{ Stature .. 

Stem length 

Weight. 

Cephalic index 


0*466 

0*461 

0-380 

0*637 


0-468 i: 0*063 


Triplets 


I 


Stature. 

Stem length 

Span. 

Cubit . 


0-639 

0-409 

0-616 

0-646 


Head length 
Head breadth 


0*472 

0-664 


f 0*646 ± 0*074 
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In view of the sampling errors no significsanoe should be attached to differences 
between the correlations of the different characters; comparison of the average 
correlations obtained from single births (7), twins (4), and triplets leaves no 
doubt that the correlations are substantially equal. Moreover, if any appreci» 
able part of the correlation observed between brothers and sisters were not of 
genetic origin, but were due to the general similarity of the environment to 
which children of the same parents are exposed, the correlation should be 
appreciably higher with twins or triplets. Since this is not the case the data 
confirm the view that no appreciable proportion of the resemblance is due to 
similarity of environment. 

It should be noted that the range of home environment in the case of triplets 
was extremely high. In not a few cases the support of the triplets, in addition 
to previous children, sufficed to lower the subsistence level to one of extreme 
hardship during the childhood of the triplets. Other cases were comparatively 
well-to-do. In somewhat less degree it is probable that the same is true of the 
American twins in Lauterbach's record. The point is one of some importance, 
since it may reasonably be argued that Pearson’s data, predominantly from 
the families of University students, do not represent such extreme environments 
as would be sufficient to produce permanent retardation of growth ; and that 
the conclusion drawn (8) by comparison of these values with expectation on the 
assumption of Mendelian inheritance, that no appreciable fraction of the variance 
can be ascribed to environmental differences, though true for the class sampled 
by Pearson, ought not to be extended to classes in which child life is attended 
by real and severe hardships. The data presented do not suggest appreciable 
environmental f'ffects in any class for children torn from 1917-1920; never¬ 
theless, on a point of such importance it may to worth while to call attention 
to the possibility of making a crucial test of the matter with more precision than 
the present enquiry attempts, by consistently accumulating the evidence supplied 
by triplets, as in this (country it is possible to do, taking as control an adequate 
number of children by single births of the same age, but of superior class. 

6.2. Bese^nblance heMve.m Triplets of Idlee Sex .—The correlation between pairs 
of triplets of like sex may best be found by taking the mean measurements of 
two or more such children in the same way as have been treated the two or 
more measurements of a single child. In this way not only is the constant 
negative bias of intra-class correlations derived from a symmetrical table avoided, 
but no undue weighting is given to the sets of three as opposed to the sets of 
two; moreover, the accuracy of the determination corresponds to that of A 
number of simple pairs providing an equal number of comparisons. The« 
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meamremexttts comprise six cases of all three children of the same sex living to 
be measared, and 32 pairs of the same sex, the material being thus equivalent 
in respect of the estimation of the variancse within such a trio to 44 pairs. 

The value thus obtained, for the variance within a trio, is shown below 
(Table IX), for the six characters measured. It is interesting to compare them 
with the results obtained by Dahlberg (3). Dahlberg expresses his results as 
a mean difference between pairs of twins; his figures have therefore been squared 
and multiplied by 7r/4. Mean values for boys and girls have been used, and 
since Dahlberg’s material consists of persons of very different ages, the com* 
parison may best be made on the basis of the average actual measurement at 
each age. The unit is thus one-thousandth of the mean measurement in each 
case. Comparisons are possible for three characters. By a careful examina¬ 
tion of the facial re^mblance, and especially of the character of the ears, 
Dahlberg has diagnosed his material as monozygotic and dizygotic respectively, 
ignoring for this purpose the measurements actually obtained. The comparison 
thus provides a rough means of estimating what percentage of the triplets of like 
sex are of these two types of origin, assuming the accuracy and comparability 
of Dahlberg’s figures. 


Table IX. Like*Sex Variance within Twinship or Trio. 


j 

Triplets. 

Dahlberg 

dizygotic. 

Triplets. 

1 

Dahlberg 

monozygotic. 

Triplets 

monozygotic. 

Htature . 

mm*. 

541-7 

per mille. 
014-6 

per raille. 
454-2 

I)or mille. 
100-3 

per cent, 
56-5 

Btem length . 

227-4 

Hpan . 

651-0 





dubit . 

55-38 





Head length . 

0-789 

647*8 

321-8 

157-0 

66*5 

Head breadth . 

6-720 

567*0 

348*7 

1 113-5 

i 

47-0 



The mean percentage monozygotic is about 57 by this method. This estimate 
agrees well with one based on the sex proportions of the group of triplets con¬ 
cerned, for of the 44 cases, 10 belong to sets of 3 boys, 6 to sets of 2 boys and 1 
girl, 16 to sets of 1 boy and 2 girls, and 13 to sets of 3 girls. The number of 
cases in which all the children are of like sex is thus 23, against 21 of mixed sex. 
The proportion of monozygotic like-sex pairs may be estimated as 3 x 23 — 21 
48i against 2 X 21 =:= 42 dizygotic ; a method of estimation which yields 
63*3 per cent, monozygotic. Such a close agreement doubtless owes something 
to chance, while, on the other hand, it undoubtedly strengthens both estimates. 
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To obtain correlations between triplets of like-sex, comparable with those 
obtained for triplets of unlike sex, the individual variance for members of such 
pairs must be compared with the general variance of the population from which 
they were drawn. It was no part of the design of this research to obtain final 
figures for this variance, which, as was pointed out above, would be better 
based upon a comprehensive anthropometric survey; the data do, however, 
supply a tolerable basis for estimation, in the variance found among all children 
of like-sex who were measured. There were of these 49 boys and 68 girls. 
Since the girls also preponderate (28 pairs to 16) in the like-sex pairs, the variance 
obtained from these two groups may bo pooled as they stand, giving an esti¬ 
mated variance with precision appropriate to 115 degrees of freedom. This 
does not preclud(3 large sampling errors, but the results can be little afiected at 
most by any real difference in variability which may exist between the two 
sexes. The like-sex correlation is then found by subtracting from unity the 
ratio of the individual variance of a member of a like-sex pair to the individual 
variance of a member of the general population. 

The correlations thus obtained between triplets of like sex agree closely with 
those obtained by the author for the like-sex twins of Lauterbach’s data. 


Table X.-- Correlations between Pairs of Like-Sex. 


Triplets. 

Twins (Lautorbach). 

■Stature . 

Stem .i 

Span .1 

Cubit . 

Head length . 

Bead brcuvdth . 

r. 1 

0*720 ' 

0*498 
0*735 
0*803 
0*760 
0*764 

z. 

0-908 

0*647 

0*938 

1*107 

1*010 

1*006 

Stature . 

Stem .. 

Weight . 

Cephalic index . 

T, 

0*736 

0*675 

0*735 

0*731 

1 

z. 

0*940 

0*666 

0*938 

0*931 

Mean . 

0*726 

0*914 

Mean .. 

0*699 

0*866 


In both series stem length shows a surprising departure in the direction of 
low correlation. In Lauterbach’s data the effect could merely be noted as an 
anomaly ; in the triplet data, though not in the twin data, it is also the lowest 
correlation for children of unlike sex. It was noticed early in the measurements 
that the values obtained for stem length were very sensitive to the posture in 
which the child was placed. Care was therefore taken to eliminate as far as 
possible such variations ; the children were seated on a firm horizontal surface, 
usually a kitchen table, with their knees projecting as little as possible beyond 
the edge. I have, however, still suspected that the clothing, and especially t^e 
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habitual sitting posture, of the child might considerably affect the measure¬ 
ments, In view of the slight discrejpancies between duplicate measurements 
taken at about half an hour’s interval, which only account for a. depression of 
the value of the correlation by 0*014, the conclusion that difficulties of measure¬ 
ment are alone responsible cannot be regarded as established, and it may be 
that this measiirement, tanlike others, admits, at least in the growing child, an 
appreciable amount of environmental modification. Such a view is not free 
from difficulty, in view of the fact that with pairs of unlike sex the triplet data 
show little, and Lauterbach’s data no effect, and, in addition, the effect with twins 
of like sex in Lauterbach’s data is much more pronounced with boys than with 
girls. The discrepancies obtained from Lauterbach’s measurements and my 
own should in any case be sufficient to put investigators on their guard against 
basing important conclusions on this particular character, without a thorough 
scrutiny of the reliability of the measurement technique to be employed. 

If stem length is set aside as of doubtful reliability, the mean correlation from 
the triplets, obtained as usual from the values of e ( ~rtanh"V), is 0*759, while 
that from Lauterbach’s twins is 0*734, Neither with nor without stem length 
are the values significantly different. This agreement supplies a further 
confirmation of the estimates made above of the proportion of monozygotic 
pairs, for this proportion was estimated in Lauterbach’s data to be about 69 
per cent. 

Further and concordant evidence of the proportion of pairs to be regarded 
as monozygotic may be obtained from the values of the correlations them¬ 
selves. Even if it were assumed that monozygotic twins were identical in 
their physical measurements, then if the dizygotic like-sex pairs wore no more 
highly correlated than pairs of unlike-sex, it would require 47 per cent, mono¬ 
zygotic to raise the correlation from 0*545 to 0*759. This percentage may 
therefore be regarded os a minimum. If, on the contrary, we take the pro¬ 
portion as estimated by comparison with Dahl berg’s data for the relative vari¬ 
ance, and from the sex distribution (namely, 67 i>er cent.), then the correlation 
between monozygotic twins should be 0*920 in order to reproduce our corre¬ 
lations. A similar estimate made from Lauterbach’s data gave values between 
0*92 and 0*93 for all three characters other than stem length. In the values 
from the triplet data also we have omitted stem length from the average, and 
have also, on the other hand, made no allowance for the known errors of measure¬ 
ment which will have depressed all tihe other correlations by about 0*008. 

Since an intra-class correlation measures the fraction of the variance ascribable 
to differences between the classes compared, a correlation of 0 * 93 between mono- 
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zygotic twins may be interpreted as meaning that 93 per cent, of the hunmn 
variance in physical measurements is to be ascribed to hereditary factors, 
leaving 7 per cent, for other causes of variation. Exactly what these other 
oauses of variation are, it is extremely difficxilt to indicate. Gross factors, Such 
as the supply of nutrients, facilities for exercise, and all other conditions open to 
inspection and regulation, may have very little influence ; these would certainly 
-cause smaller variations between twins than between unrelated children. 
Other causes, such as the onset, and age of onset, of infectious diseases, depend 
from less obvious environmental differences, and their effects will in consequence 
have a more accidental character. If, as seems probable from the mutual 
interaction of the parts in development, very minute initial variations of growth 
of particular organs may in some cases lead to appreciable ultimate difference 
in the measurements, these will 1)6 as great for twins as for unrelated children. 
Indeed it may be suspected that they will be greater, for the great differences 
in weight at birth show that the pre-natal condition of children born together 
must in some respects he strikingly different. 

An exact estimate of the average correlation in metrical characters between 
identical twins should evidently combine a critical diagnosis based upon 
Dahlberg’s methods, carried out independently by two different judges, withmit 
knowledge of the measurements ; an equally necessary factor in such an esti¬ 
mation, and one which is unfortunately wanting from Dahlberg’s data, is the 
value of the variance at a given age of the general population sampled. E^q>erts 
differ profoundly as to the correct diagnosis of monozygotic and dizygo^ 
twms (11,12); nevertheless, the concordant results obtained by cx>mparing the 
triplet data with DaUberg’s averages have convinced the writer that his method 
of diagnosis, which was published during the ^ogress of the triplet enquiry, 
has gone far to solve the problem of discriminating the two types of twins. 
Such discrimination can, however, never be absolute, if only because genetic 
identity itself is not impossible for dizygotic twins. 

The question whether all three triplet children can ever be regarded as mono¬ 
zygotic shoiild evidently be answered confidently only on a larger basis of 
observation than the six cases for which measurements were obtainted. A 
rough criterion based on the measurements may be m^e by excluding all oases 
which differed in any naeasurement by more than a fixed maximum diSereiioe. 
Taking arbitrary standards proportional to the standard differences between like- 
sex pairs, namely, for stature 40 mm., for stem Imgth 26 mm.,for spw 44 mm., 
for cubit 13 mm., for head length 6*4 mm., and lor head breadth 4*5 mm., 
only 22 pairs remain sufficiently alike in all measurementa. These will donds^ees 
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l>e pi«don»mantly monozygotic pairs, but the criterion is far from decisive, 
imd aome overlap will doubtless have occurred. In no case do all three triplets 
fulfil the conditions. In three cases, numbers 1, 59 and 61, one child is con¬ 
siderably larger than the other two. In cases number 1 and 61 the two smaller 
ohildren are alike in their measurements, in case number 59 they differ by 8 mm. 
in head breadth; this case is probably trizygotic. In the three other cases 
monozygotism cannot be confidently denied. In cose 62, (c) is in most respects 
the smallest child, but only differs distinctly from her sisters in being shorter 
(by 6*6 and 7*2 mm.) in the head. In case 2 all throe girls agree closely save 
that (c) is narrower (by 6 and 7 mm.) in the head. In case 40, (a) is both shorter 
in sitting height and narrower in the head than her two sisters. Since the 
standard difference in head length between monozygotic pairs, as judged either 
from Dahlberg*8 data or from the triplet measurements, cannot differ much 
from 3-1 mm., the case for regarding case 52 as monozygotic is particularly 
strong. 

6. Inheritance of Tendencies favouring Multiple Births, 

Much confused controversy has turned upon the inheritance of tendencies 
favouring twin births, and especially upon the influence of the father upon the 
production of twins. The most self-consistent view seems to be that developed 
by Weinberg, namely, that there is no paternal influence, and that the pro¬ 
duction of monozygotic twins is not inherited. This view is not only self-con¬ 
sistent but is supported by a considerable quantity of gpealogical statistics; 
it appears indeed, without critical scrutiny, to be the only view consistent with 
the figures which Weinberg presents. Unfortunately, it has not been borne 
out by any other substantial body of data. The situation involves a definite 
conflict of evidence, and it is undesirable that this prime fact should be obeoured, 
although it must necessarily be complicated by the conflict of inferences drawn 
from the evidence. The best hope of progress evidently lies in obtaining data 
from entirely fresh sources, taking every care to eliminate those causes of error 
which seem most likely to have produced the existing discrepancies. 

A further point of importance is that conclusions should be based whenever 
possible upon comparisons made within a homogeneous body of data, rather 
than with data obtained by a different method, for apart from the potent 
influence of unconscious selection, differences in the completeness with which 
cases of twinning involving one or more still-births are recorded will much affect 
the frequency of twinning observed* That this precaution is not unnecessary 
may be seen fcom the great differences in absolute frequencies obtained by 
di^rent oheervers in districts in whioh the official statistics show no com¬ 
parable disorepanoies. 
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The triplet data were entirely unsclected save for the fact of the oocurrenoe 
of triplets. Of the 148 families asked for information concerning related births^ 
98 provided complete and satisfactory information. It will be preferable to use 
only this unquestionable portion of the data; only one case of those omitted 
need be mentioned separately, namely, a family of 11 births, of which 2 were 
of triplets and 5 of twins, yielding in all 20 children. The inclusion of the 
case woxild evidently have much raised the observed percentage of twins in the 
families containing triplets, and possibly also in related families. Its omission, 
however, cannot invalidate the conclusions to be drawn from unquestionably 
correct information, for it is omitted not because the information was exceptional 
in character but because it was confused and very incomplete. A number of 
such cases of exceptional fecundity have been reported from time to time, 
and may represent a phenomenon distinct from the normal, though rare and 
scattered, occurrence of multiple births, 

Full data for related multiple births are shown in Tables XI, XII and XIIL 
Among the families in which the triplets occurred, 493 other births are recorded, 
of which 14 were of twins and 4 of triplets. Counting triplets as equivalent to 
the production of twins twice (for, in addition to the production of twins, a 
second fission or additional ovulation must have occurred), the percentage of 
twinning in these families is 4 • 6 per cent. The ratio of triplets to twins is high, 
but this may be no more than a coincidence. It is to be presumed that the 
proportion of twins in Great Britain and Ireland is not greatly different from 1 
per cent,, and the other data of this enquiry show that it cannot be much 
more. Consequently a rate of 4*5 per cent, represents a very considerable 
concentration of multiple births, and shows that whether the tendency is 
inherited or not, certain parents are definitely characterised by higher twinning 
rates than are others. 


Table XL—Other Children of Parents. 




Single births.' 

! 


Twins. 

j 


Triplets. 


Type of triplets. 

FamilieB. 

1 

Boys. 

Girls. 1 

2 boys. 

1 boy, 
1 girl. 

1 

2 girls. 

3 boys. 

2boy«, 

Igirl. 

1 boy.i 
2girb.i 

3 gitls. 

3 boys. 

13 

33 

29 


4 ' 

1 


'| 



2 boys, 1 girl . 

27 

79 ! 

73 


1 

— 

— 

— 

X 

1 

1 boy, 2 girls . 

39 

32 

81 

! 2 

3 ! 

1 

— 

1 

— 

—. 

3 girls . 

21 

46 

63 

1 

1 ! 


— 

1 

7“ 

1 — 

ToUl . 

100 

m i 

230 

3 

' B 

2 


2 

1 

' 1 . 


476 


14 


4 
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Table XIL—Children of Mother’s Parents. 


Tyj?e of triplets. 

Kaiiriiies. 

1 

Single birtlis. 

Twins. 

Triplots. 

Roys. 

(lirls. 

2 boys. 

1 boy, 

1 girl. 

2 girls, j 

3 boys. 

3 boys . 

13 

46 

4S 

1 

1 

3 



2 boys, 1 girl . 

27 

SO 

102 

— 

1 

2 

1 

1 boy, 2 girls . 

30 

126 

161 

a 

4 

1 

— , 

3 ^rla . 

21 

78 

S9 


1 

2 


Total , 

100 

1 326 

400 

4 

9 

6 

1 


726 IS 


Table XIII.—Children of Father’s Parents. 


Types of triplets, 

i 

Families. 

Single births, j 

Twins. 

Triplets. 

1 

1 Boys. 

i 

1 

Girls. 

1 2 boys. 

1 boy, 

1 girt. 

2 girls. 

3 boys .. 

13 

62 

41 

1 

1 

_ _ 



2 boys, 1 girl . 

1 

1 U4 

86 

a 


2 


1 boy, 2 girls . 

39 

' 161 

120 

3 

1 

2 

— 

3gjrla . 

1 21 

j 85 

69 ' 

1 

1 

1 


Total . 

100 

! 412 

1 

306 

8 ' 

2 

6 

0 


717 15 


Evidence of heredity niust, of course, be drawn from the corresponding data 
for related families. Of 746 births to parents of the mother, 18 were of twins 
and 1 was of triplets; calculated as before, this gives 2*7 per cent, twins in 
these families. Similarly of 732 births to parents of the father, 16 were of twins; 
this is 2*0 per cent. The statistical signiticauce of both results may be gauged 
by the fact that in a Poisson series with mean 7*3 a value as high as 16 will 
only occur eight times in a thousand trials. 

The data for the families of the parents of triplets thus give definite support 
to the view that the prodmjtion of multiple births is influenced to an important 
extent by the hereditary qualities of the father. Of the similar evidence from 
the relatives of the parents of twins, perhaps the most comparable is that given 
by Danforth (fl) from St. Louis. It is stated that “ the investigator had no 
knowledge of any of these families until in each case the birth of twins was 
von, cu.—B. z 
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reported to the bureau of vital statistics/* Fifty families were investigated; 
of 181 births in the same families 10 were of twins (5*6 per cent.), of 328 births 
to parents of the mothers 10 were of twins (3*0 per cent.), while of 297 births 
to parents of the father 8 were of twins (2*7 per cent.). The twin data are 
smaller in volume, l>eing based upon 60 families against 98 available for the triplet 
enquiry ; the twinning percentages are distinctly higher in ea(?h case, although 
the families were selected merely by a single occurrence of twins, instead of by 
the occurrence of triplets; hut the main (jonclusion that the selected families 
show the highest twin frequency, and that their relations on }>oth sides show the 
same eflFect to a diluted extent, appears clearly from both enquiries. 

Davenport (6) gives figures for a somewhat more highly selected group of 
families who have had twins twice. Of 36*5 births to the parents of twin- 
repeating mothers IG, or 4 * 5 per cent., were of twins ; of 289 births to the parents 
of twin-repeating fathers 12, or 4*2 per cent., were of twins. The discrepancy 
in the actual percentages is here more striking than in those of Danforth, and we 
have in this case no assuranc^^ that cases of special interest do not find their way, 
more readily than cases showing no heredity, into the archives of the Eugenics 
Record Office. That a somewhat severe concentration of intenssting cases may 
have occurred in this material is suggested by the percentage of twin births 
obtained for the brothers and sisters of repeating fathers and mothers. These 
are father’s sisters’ children, 8*2 per cent,; mother’s sisters’ children, 5*5 per 
cent.; father’s brothers’ children, (}*5 per cent.; mother’s brothers’ children, 
4*6 per cent. 

These high penientages. while apparently supporting, in reality introduce a 
difficulty t() the theory developed by Davenport, for he infers from them equal 
paternal and maternal influence. Now if wo select a person specially character¬ 
ised, such as a twin-repeating father, or a twin-repeating mother, we may infer 
on this theory that both the parents of this person will (in less degree) be 
similarly characttjrisw^d, and the children of the marriage between two such parents 
will therefore be twins with nearly double the frequency which would have 
been realised if only one of the parents had been so characjterised; although, 
therefore, a brother or sister is genetically as close a relative as a father or 
mother, the theory is not compatible with the view that the sister or brother, 
married to some quite unselected person, will have twins as frequently as will 
the father and mother married to each oth(ur. 

If 6 per cent, twins is correct for the brothers and sisters of the chosen parents, 
we might reasonably expect 11 per cent, twins from their fathers and mothers ; 
on the other hand, if 4*4 per cent, is correct for the fathers and mothers, we 
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might reasonably estimate the percentage for the brothers and sisters at 2*7 
per cent. If heredity is at work it should, in fact, be made manifest not only by 
the contrast l)etwe6n the selected families and the general population, but 
equally by the contrast between different degrees of affinity to the prcBpositm, 
or selected centre, of each pedigree. The latter type of contrast is indeed the 
more important, since, as in England, the general population may be almost 
unknown, and, in other cases, as the divergences between different enquiries 
indicate, discrepancies of unknown origin have certainly been introfluced 
between the official and the genealogical data ; consequently, in view of these, 
the comparison of different groups of relatives in the same material provides 
undoubtedly the best controlled tests available of the hypotheses to be 
considered. 

One probable reason why this contrast, to be expected between different 
groups of relatives, has not been realised, or at least utilised, lies in the fact 
that the groups of relatives appropriate for (iomparison will be different, accord¬ 
ing to whether paternal influence is admitted or not. If paternal influence were 
absent, not only would the relatives of the father and the mother’s brothers show 
no excess of twins, but the sisters and daughters of the mother should show no 
less effect than the mother’s mother. This contrast between the twin-frequency 
of the mother’s sisters on the one hand with the mother's brothers, the father’s 
sisters and the father’s brothers on the other, seems to provide a well-controlled 
method of determining if any important group of the causes of multiple births 
are limited, as Weinberg suggests, to action through the mother. Equally, 
however, the contrast between the twin-frequency exhibited by the parents 
and that of the brothers and sisters must be manifest if to any important extent 
twinning is inherited through both parents alike. Neither contrast appears 
in Davenport’s figures in spite of the high percentages of twinning observed, a 
circumstance which makes it impossible to use these results with confidence as 
a means of discriminating between the two opposed views. 

Much lower percentages of twins are found among the relatives of twin- 
bearing parents by Weinberg and Dahlberg. From Wurtemburg Weinberg 
finds 101 fathers of twins from families with 901 children in all, among whom 
6 pairs are twins, thus showing no indication of paternal influence. More 
extensive data for the relatives of mothers are given for Stuttgart (3, 
p. 107). 
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Table XIV—Related Births to Mothers of Twins. 



Helativeg of motherH of twinw 
of like Hex. 

Relatives of mothers of twins 
of unlike sex. 

j Mother, ■ 

i 

Siflter. 1 

Daughter. 

Mother. 

Sister, 

Daughter, 

Multiple births . 

61 

1 

55 

44 

45 

24 

27 

Single births. 

SiWW 

2524 

5386 

1803 

998 

1437 

Total .1 

3970 

2579 

3430 

1848 

1022 

U64 

Percenta-ge . 

103 

1 2i:{ 

1-28 

2*50 

2-35 

1‘84 


The percentage of twinning is seen to be much lower than in either of the 
American groups of data discussed, that for the mothers being more comparable 
with the values obtained from the triplet data. For each degree of relation-^ 
ship the relations of twins of unlike sex have the higher percentage, and Wein¬ 
berg concludes that only the tendency to dizygotism is inherited, that for 
dicmbryony showing no hereditary tendency. It should be noted that in 
Weinberg 8 material this difference is only statistically significant in the case 
of the mothers, though the daughters, and even to a very slight extent the sisters, 
show a tendency in the same direction. If the above figures are examined 
critically, it appears that the three classes of relatives do not give, within the 
limits of reasonable sampling errors, the same percentage of twins. This effect 
seems to be wholly duo to the larger material on the relations of twins of like 
sex. In these the sisters show much the higher percentage. It is possible tp 
give a plausible, though tentative, explanation of these discrepancies. 

Dahlberg (3, p. 113) has criticised the material on the ground that incomplete¬ 
ness of registration may have considerably reduced the twin percentage. If 
this is so the sisters, which show the highest twin frequency, would seem to 
represent the generation in which the data are most complete, and it constitutes 
a serious caveat> against Weinberg’s conclusions—^that all hereditary effects 
should be ascribed to dizygotism—that it is precisely in the sisters that no 
appreciable difference exists between the relations of twins of like and of unlike 
sex, Dahlberg has shown (3, p. 47) that the omission of still-births diminishes 
especially the ptircentage of monozygotic twins. 

Upon the question of the inheritance of diembryony the triplet data appear 
to supply evidence of a decisive character. For of the 16 twin births of the 
parents of the father of the triplets only 2 are of opposite^ sex, whereas of 
the IB twin births of parents of the mother 9 are of opposite sex. The wfa^ 
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of the twins, in excess of expectation for ordinary families, bom to the parents 
of the fathers, are thus of like sex, and presumably therefore all monozygotic. 
It is not that every one of the 13 pairs found need be monozygotic, for two or 
three like-sex dizygotic pairs might well occur in 700 births taken at random. 
That 13 such pairs should occur is beyond reasonable probability, and since 
there is no evidence of any excess of dizygotic pairs, the plain inference 
from the data is that the paternal influence upon twinning is confined to 
the production of diembryony. Since in 8U(^h cases fission occurs the 
union with the egg of the paternal gamete, it is only natural that for this process 
developmental tendencies inherited from the father should be of equal impor¬ 
tance with those from the mother. Whether the tendency to diembryony is 
also inherited through the mother, as seems a fnori probable, could only be 
decided upon larger data, for the presence of an excess of dizygotic twins among 
the relations of the mother must much increase the sampling errors of any 
estimate of diembryony. 

It is to be noted that all the groups of relationship data cited agree in giving 
a slightly higher twin percentage to the relations of the mother, though in no 
case, save that of Weinberg, is this excess statistically significant. It does, 
however, accord with the view that, while pati^rnal influence only affects the 
one type of twinning, maternal influence may act upon both. If, further, it is 
assumed that the maternal influence in diembryony is equally potent with that 
of the father, the smallness of the differences usually found between the relations 
of the two parents makes it probable that heredity is less influential in inducing 
dizygotism than it is in inducing diembryony. 

This view is the direct contrary of that held by Weinberg; on the other hand, 
it tallies with Davenport’s finding even higher twin-frequencies among the 
relatives of monozygotic twins than among those of twins in general. It may, 
in addition, be supported by facts other than the twin-frequency of relatives. 
It is well known that the percentage of twins increases greatly with the age of 
the mother. Knibbs (9, p. 309) shows a threefold increase between 20 and 38. 
Comparisons of the sex distribution at each age, of which the most thorough 
is that of Dahlberg (3, pp. 21-28), shows that this increase is certainly largely 
and probably wholly due to a change in the frequency of dizygotic pairs. 
Evidently, then, dizygotism is much influenced by an environmental factor, 
ago of mother, upon which hereditary influences can have but little effect. 
Diembtyony, on the other hand, is apparently not influenced at all by this factor. 
In oonsequenoe, it is possible to hold that the probability of monozygotic twins 
depends wholly upon the hereditary nature of the parents, while in the case of 
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dieygotiam any evidence for heredity is bound to be much obscured by the mere 
effect of variationB in the age at childbirth. 

If a strongly heritable maternal tendency towards dizygotic twinning existed, 
it would appear in contrasting the twin-frequency of mother’s sisters with those 
of mother’s brothers, father’s brothers and father’s sisters. No such effect 
appears in Davenport’s data, and the comparison (cannot be made in Weinberg’s. 
The triplet data are as follows :— 


Table XV. - Frequency of Multiple Births born to Brothers and Sisters of the 


Parents of Triplets. 



Mother’s 

Mother’s 

Father’s 

Father’s 


sisters. 

brothers. 

1 

sisters. 

brothers. 

SiiigUi .. 

.'i04 

501 

020 


Twin 

a 

(i 

7 

7 

Tripk't. 

1 


1 

~ 

Total.1 

510 

507 

034 

530 

Pen^entagf* . 

1-4 

1*2 

1-4 

1‘3 


No significant differences exist between the four classes, and it may be doubted 
if any of them differ significantly from the twin percentage of the general 
population. For this reason the sex distribtxtion of the related twins is of no 
special interest. The actual types are, however, given below: - 


Table XVL—Sex Distribution of Belated Multiple Births. 



2 boys. 

1 boy, 

1 girl. 

2 girls. 

3 boys. 

2 bojTB, 

1 girl. 

Mother’s sistorN. 


1 

2 

3 


1 

Mother’s brothel's ,, 

2 

1 

3 



Father’s sisters . 

1 

3 

3 

1 

_ 

Fatlier’s brothel's . 


4 



— 

Total . 

3 

10 

12 

1 

1 


Among the relatives of triplets the frequency of triplets compared to that of 
twins is somewhat high. Among children of the same parents we have 4 triplets 
to 14 twins, among the children of their parents, 1 triplet set to 33 pairs of twins, 
and among the children of their brothers and sisters 2 sets of triplets to 26 pairs 
of twins. The numbers are too small to give more than an indication, but they 
suggest that in addition to the factors favouring multiple births in gentitid, 



















Triplet Children in Great Britain and Ireland, 309. 

there nxay be others which favour the particular sequence of events, such as 
double ovulation followed by fission of one zygote, which gives rise to triplets* 

It will be noticed t^ a perfectly clear contrast exists between the frequency 
of twins born to mothers (2-8 per cent.) and that born to sisters (1*4 per cent.) 
of mothers of triplets, in accordance with the other clear evidence which these 
data provide of paternal influence. There is, however, one factor which should 
be mentioned, tiot as probably prodvicing the whole effect, but as possibly 
contributing to it. The strong age association of dizygotic twinning renders 
the frequency of this phenomenon open to interferonexj by artificial contra¬ 
ceptive methods. If these arc employed after the production of a few children, 
a proportion of th(^ married women concerned will only be “ exposed to risk 
during the earlier parts of the reproductive period. Such a tendency would 
certainly reduce the proj)ortfon of dizygotic, though probably not of mono¬ 
zygotic twins, and it is only in dizygotic twins that any excess is to be looked for 
of the mother’s sisters against the mother’s brothers, and the father’s brothers 
and sisters. If, as there is ample reason to believe, contraceptive practices 
were more widely employed in the generation represented by mother’s sisters 
than in the previous generation of mothers’ mothers, we might reasonably 
put down some part of the contrast to this caust?. It should perhaps be men¬ 
tioned in this eottntH^tion that the frequency of triplets, or at least of applica¬ 
tions for the King’s Bounty, has fallen off in the last 26 years more rapidly 
than would be expected from the decrease in the annual number of single births 
registered, 

r 

7. Bunmmry. 

Measurements taken at a fixed age of 116 surviving triplet children show no 
distinct difference in stature from children by single birt^h. The precision of the 
comparison is, however, limited by our scanty knowledge of the average bodily 
growth in the general population of Groat Britain and Ireland. 

The average degree of resemblance between triplet children of opposite sex 
does not differ appreciably from that of twins of opposite sex, or of fully grown 
brothers and sisters by different births. 

The differences between triplets of like sex are intermediate in magnitude 
between those found by Dahlberg in groups of like-sex twins classified as mono¬ 
zygotic and dizygotic respectively. The comparison indicatejs that alniut 
54 per cent, of the like-sex triplets pairs measured were monozygotic. The 
correlation between triplet children of like sox, the estimate of which could be 
improved by a better knowledge of the general population, agrees well with that 
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found for like-sex twins in LAutcrbaoh^s measurements, and indicates a corre¬ 
lation between monozygotic pairs of about 0-92. 

The material is not sufficient to establish definitely that in any set all three 
triplets were monozygotic, though this is a probable explanation of the resem¬ 
blance in at least on<i set. The discrepancies between the data provided by 
different investigators upon the inheritance of tendencies favouring multiple 
births have prevented any substantial agreement on this subject. An 
examination of the material suggests that these discrcjyaucies are due (a) to the 
accumulation of interesting cases showing apparent heredity in pedigree 
collections; {h) inequality in the completeness with which still-births are 
recorded in the different sources of material compared. 

To avoid these discrepancies it is important to spare no pains to ensure that 
a strictly valid statistical technique is employed in the collection of data, a 
consideration which is of equal importance in the statistical study of rare 
occurrencses of all kinds ; and to utilise, as the best controlled evidence of inheri¬ 
tance, the contrast in twin-frequency between different groups of relatives 
in the sarmi collection. When allowance is made for these two sources of 
discrepancy, existing data upon twins may be brought into harmony with the 
results of the triplet empiiry. 

The triplet pedigrees show a significant excess of multiple births in the families 
of both the father and the mother of the triplets. In the case of the father 
the excess (jonsists wholly of like-sex twins. In other material the sex 
distribution of the related twins seems not to have been recorded, in spite of 
evident importance for the (dassification of heritable tendencies affecting 
dizygotism and diembryony respectively. The triplet data indicate that the 
paternal influence is only exerted in the production of diembryony. It is 
probable a prum * that the heritable constitution of the mother exerts an 
equal influence in this respect, but more extensive data would be required 
to demonstrate this. 

Since, in these and other data, the maternal inheritance is not much stronger 
than the paternal, it is probable that dizygotism is less strongly inherited than 
is diembryony. This view is supported by the weU-established increase in 
multiple births with increasing age of mother, which effect appears to be con¬ 
fined to dizygotism, 
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The Differential Effect of the Ions of Three-SaU Solutions on the 
Growth of Potato Plants in Sand Culture. 

By F. G. Gbegory, D.Sc. 

(Coramunioated by Prof. V. H. Blackman, F.R.8.—Received May 26, 1927.) 

(From the Department of Plant Physiology, Imperial College of Science and 
Technology, London.) 

« 

Introductimi. 

A great deal of work has been carried out, mainly by American plant 
physiologists, on the effect of mixtures of three or more salts in varying pro¬ 
portions on the growth of plants in culture solution. In Tottingham’s original 
work (1) a mixture of four salts was employed, consisting of seven ions; later 
the system was reduced by Shive to six ions. The plant employed in both 
cases was a variety of barley. 

In 1924 E. S. Johnston (2) published a paper on “ Growth of Potato Plants 
in Sand Cultures ’* treated with the “ six types ” of nutrient solutions. In this 
Work the six ions employed by Shive (S) were use3, but they were utilised as 
combinations in varying proportions of the six possible molecular groupings, 

VQl,. OII.—B. 2 A 
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giving six types of solution. As each series was in duplicate, a large body of 
data is available for a further analysis of the differential effects of the individual 
ions. In common with previous workers, Johnston was content to select, 
merely by inspection, the particular culture solutions which appeared to give 
the greatest yields. 

An examination of the published data of all these experimenters discloses 
the fact that agreement is not always good between dry weights obtained from 
identical solutions in two parallel series of cultures, and, moreover, the com' 
position of the solutions giving highest yield is not always the same in two 
parallel series. 

In experiments of this kind it is evidently desirable to improve on this method 
of visual inspection in assessing the relative merits of solutions of different com* 
positions. Furthermore, the full information embodied in the data has not been 
utilised; for instance, out of 123 cultures Johnston has utilised only 42 in 
at.te5mptmg to arrive at the relative effects on growth of the ions concerned. 
Shive and Tottingham both used three sets of culture solutions of known total 
osmotic pressure, and claimed to show that the composition of the best solution 
varied with the concentration. An examination of the contours of yield in the 
graphical representation of their results leads one to suspect that chance errors 
played a large part, and as no estimate of variability was made, it is difficult 
to accept their claims. 

Scope of the. PreseM Paper, 

In view of the importance of estimating the effect on yield of plants of various 
single nutrient ions, when these are presented in mixtures of salts, it has seemed 
advisable to attempt an analysis of existing data to this end. For this purpose 
the data published by E, S. Johnston have been utilised, since they are remark¬ 
ably complete and each experiment is duplicat<jd. Furthermore, they have 
evidently been carried out with great care and with a sound experimental 
technique. 

The method utilised in this paper, as applied to Johnston’s paper, has made 
use of all the experimental values provided. By using the method of least' 
squares, the variability of the material has been taken into account, and the 
values finally arrived at are those giving the best possible agreement with the 
experimental data on the basis of the assumptions mode. 

CriUdsm of Experimental Procedure employed* by Johmlon* 

A full description of the procedure employed by Johnston will be found in 
his original paper, hut it will be necessary to give a brief r48um4 of the method 
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here. The six ions investigated were K', H*P 04 ', CV, NOj', Mg', SO/, which 
were combined together to give the following six types of solutions;— 


Table I. 


I. 

II. 

in. 

IV. 

V. 

VI. 

C«{NOa), 

KHjPO. 

MgSO. 

Ca(NOa), 

K,SO, 

MgSO, 

1 Oa(H,PO.). 

i kM 

1 Mg(NO,). 

CaSO, 

KNO, 

Mg(H,p6.), 

CaSO^ 

HK,P 04 

Mg(NO,), 


Salts used in the six types of solutions employed by Johnston, each type consisting of a different 
moleoular combination of the same six ions. 


Quoting from Johnston’B paper, Each of the types one to six was composed 
of 21 different combinations of three salts. In each type the partial volume 
molecular concentration of each salt in the 21 solutions differed by increments of 
one-eighth of the total volume molecular concentration. The total osmotic 
pressure of each solution, however, was calculated to be I -00 atmosphere.'*' 


Table II. 


Type I. 

Molecular proportions. 

Partial volume—Molewmlar cone. 

Culture No. 

KHjPO^. 

j Ca(NO,),. 

j MgS 04 .- 

KH,PO<. , 

1 

1 08(NO,).. 

MgSO.. 

1 

1 

1 

1 1 

« 1 

0 0027 

0-0(»27 I 

00161 

2 

1 i 

1 2 

6 1 

0*0026 i 

i 0-0049 1 

i o-om 

3 

1 

1 3 

^ i 

0 0024 

I 0-0071 1 

j 00094 

4 

j 1 

i ^ ' 

3 I 

0'0022 

! 0-0089 1 

i 0-0067 

5 

! 1 

' 5 1 

2 ! 

0 0022 i 

j 00108 1 

1 0-0043 

fi 

i 1 

0 : 

1 1 

0-0020 i 

, 0 0122 j 

0-0020 

7 

, 

1 

' ^ 

5 1 

0 0063 ! 

1 

; 0-e027 1 

1 

0-0132 


Beproduotion of a portion of Table 1 in Johnston*B paper, showing in the first half the 
proportions in which tn» salts are present, and in the second half the relatiTe number of gram- 
moleonles of each salt present in the various solutions. 


The above table is a reproduction of a portion of Table I in Johnston’s paper. 
The term Volume Molecular Concentration denotes gram^molecules per litre, 
and hence the %ures in the second half of the table indicate the relative number 
of gram‘*molecules of each salt present in the various solutions. It will be seen 
in the above table that the total number of molecular proportions in each 
solution is always eight, but as the valency of the salts varies, the number of 
ionic proportions varies from 17 to 22. In order to maintain an equal osmotic 
pressure, the partial volume molecular concentrations vary in the different 
solutions. On recalculating the figui^es it is seen that the assumption has been 
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made that complete dissociation of the salts has taken place, Tottingham and 
Shive both stress the importance of the dissociation constant (osmotic factor) 
in calculating the composition of their culture solutions, 

Johnston made no determinations of osmotic pressure, and it can hardly 
be doubted that the total osmotic pressure was not constant in the different 
solutions. The jdl factor was also left out of account, so that, apart from 
differences in composition, other factors also played their part in determining 
yield. The experiments with the different types of solution were done at 
different seasons of the year and over varying periods of time, and even duplicates 
were not carried through simultaneously, so that some doubts as to the com^ 
parability of the data in the various sets may be entertained. 

Methods of Analysis, 

The fundamental assumption made in the treatment of the data employed 
in this paper is that each ion works independently on growth, and that the 
total effect of all the ions is the sum of the effects of all the different ions. It is 
necessary to state that the total effect of the ions present may not be equal to 
the sum of the individual effects, but may be proportional to their product, or 
that the combined effect may be an even more complicated function of the 
individual effects. R. A. Fisher (4) has shown that response of potatoes to 
different manurial treatments is better fitted by a product formula than by a 
sum formula ; but the assumption of simple summation simplifies the problem 
considerably. 

To reduce the experimental values of growth in all series to a comparable 
basis, the mean dry weight for each individual series was found, and the separate 
dry weights for the 21 solutions were represented as a percentage of the mean. 
This, of course, assumes that the relative values for dry weight within the different 
series were comparable, and depend only on the type of solution used. The 
actual average values for dry weight in the different series, and in duplicates of 
the same series, vary greatly, but since the experiments were carried out at 
different seasons under different climatic conditions, it is impossible to compare 
directly the yields given by the different types, and thus to discriminate between 
the types as to their suitability for growth. Under the circumstances the only 
method possible is to reduce all the series to a comparable basis and to eliminate 
the seasonal effects.* 

♦ It is unfortunate that the seasonal effects had to b© eliminated, for the reason stated* 
sinoe precise information on the interaction of the climatic complex with manurial effects 
is one of the valuable contributions plant physiology can make to agricultural science. 
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The molecular proportions shown in Johnston’s tables were replaced by 
ionic proportions (relative ionic concentrations), which were then equated 
against relative yields. Thus the portion of Johnston’s Table I (reproduced 
as Table II above) becomes :— 


Table III. 

a f h f* c 4 - 2d -f + 6 / ^0-860 

a 4- 6 4- 2c -f 4<i 4- 5e + 5/ ^ 0*821 

a + 6 f 3c -f Qd 4 - 46 + 4/ ^ 0*762 

0 4-6 4“ 4c + Sd 4- 3c + 3/ -- 1*173 

o *4“ 6 4‘ 6c 4~ \0d 4'' 26 4’ 1 *202 

-L 6 4 - 4 ^ \2d 4* c 4- / =- 1 *085 

2a -f 26 I' c 4' U + 5c 4- 6 / 0*938 

a K*, 6 ^ HjPO/, c - Oft*, d NO/, e Mg*, / « SO 4 '. 

Equationc showing relative number of ion» of each kind present in the solutions of type I 
(presented in Table 11) equated against the yield for the solution relative to the mean yield of all 
solutions taken as unity. 


The equations given in the table show the relative number of ions of each 
kind present in the solutions of type I already presented in Table II, Each of 
the six kinds of ions is represented by a letter as indicated in the table, and thus 
a, 2a, etc,, represent 1, 2, etc., ionic proportions of potassium, present in the 
solution. The left-hand side of the equations thus represents the total number 
of ionic proportions of each ion present, and hence the total ionic content of the 
solution. On the right-hand side are given the yields for each solution expressed 
as a proportion of the mean yield of all the solutions of all types employed. 
This me^n yield is taken as unity, and the yield for each solution stated as a 
proportion of unity. Since the effects of the single ions on yield have been 
assumed to be additive, the yield for a solution may be looked upon as the sum 
of the contributions to yield of the ionic proportions a, 6, etc., on the left-hand 
side. By solving the equations the numerical value of these contributions to 
yield were found. In the way indicated above 123 equations were obtained 
showing the ionic proportions equated against relative yields in all the solutions 
of all types. These equations were solved simultaneously by the method of 
least squares, and gave most probable ” values for the variables. Two 
series of values are given by Johnston for each type and these were dealt with 
separately; thus it was possible to compare the values for the variables 
derived from two independent series of experiments. The 12 values thus 
obtained are given below. 
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Table IV. 




Series I, 

Seriee 11, 

K* 

ea a 

4-0*0696 

4*0*0728 


== b 

-00127 

-0*0160 

Ca* 

:==: C 

-f0 1201 

4-0*1810 

NO', 

d 

4-0 0491 

+0 0476 

Mg* 

aO'4 

^ e 

4-0 *0934 

+0*0865 


-0*0001 

+0*0023 


Average contribution to viold of a single ionio proportion of each of the aix ions in a solution 
containing all the ions in given proportions, and giving a yield of unity. 


The figures given in the above table indicate the average effects of the 
individual ions over the whole range of solutions used. It should be emphasised 
that in the calculation of these values every figure for dry weight has been used, 
although some are obviously abnormal. The very high agreement between the 
values calculated from the two independent series adds greatly to the assurance 
of their accuracy. 

The striking result is seen that in general the kations predominate greatly 
in their effects over the anions, and run in the order Ca, Mg, K. Of the aoions 
only nitrate has a positive effect. Sulphate is practically without effect and 
phosphate is definitely adverse. In no previous investigation on the effect of 
mixed salts on growth have the effects of individual ions been separated. Experi¬ 
mentally this cannot be done, since ions can only be introduced into the system 
in pairs. Only by a process of analysis such as this can an estimate of their 
individual effects be obtained. Of the ions present two of the metallic ions are 
bivalent as against only one of the anions, which leads to the result that on the 
average therelativedonic concentrations (number of ionic proportions) in which 
each ion is present^is not the same, viz., 8 K*, lOHgPO 4 , 6 Ca*, lONO'#, 6 Mg\ 
680 4 , Since the ionic proportions of any particular ion vary from equation to 
equation, and all proportions are associated both with high and low yields, the 
tendency will be for the effects of the ions in lesser concentration to be over¬ 
estimated, which may perhaps partly account for the high effects attributed 
to calcium and magnesium. ^ 

Johnston, in discussing his results, remarks that in general it may be stated 
that higher averages of the two series (types I and II) occur for cultures con¬ 
taining relatively large proportions of calcium nitrate while the lower averages 
obtain for cultures low in calcium nitrate , . . Further analysis is, of course, 
necessary to determine whether the calcium or the niteate is the governing 
factor.*^ The further analysis imdertaken in the present paper, in so far as it 
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is ad&quate, indicates that both ions are concerned in the determination of the 
high yield associated with calcium nitrate, and indeed for each ionic proportion 
calcium predominates over nitrate in its effects* 

It has already been stated that the total number of ioni<i proportions vari(!S 
in the individual solutions of a given and also is different for the various 

types of solution used. The reason for this is clear, since the salts used are both 
monovalent and bivalent, while the molecular proportions have certain deto- 
mined values and always total up to a given number. The osmotic pressure, 
i.e., the sum of the ionic proportions is, however, theoretically maintained 
constant, which means that in a series of solutions where the molecular pro- 
f)ortion of a monovalent salt, such as KH2PO4, is constant (such as the scries 
of solutions in Table II) the number of gram molecules per litre of KH^PO^ 
present will have to vary as the molecular proportions of the bivalent salt 
C>a(N03)2 increase. Hence it follows that the total molecular concentrations 
of the solutions vary, and the actual weight per litre of a particular salt will 
differ among sets in which the molecular proportion of this particular salt 
remains constant. 

The time elapsing between renewals of the culture? solution is not statenl in 
Johnston’s paper, and should this period have been prolonged, the rapidly 
absorbed ions such as NO'3 may have been completely removed from the 
solution. Both Hoagland* (5) and Biird (6) have shown that this occurs both in 
the soil solution and in sand cultures. Under such circumstances two solutions 
having at the outset equal molecular proportions of KNO3 and different molecular 
proportions of Ca(H2P04)sj, in spite of the equality at first of the number of 
ions of NO3, would after a time differ in the number of ions remaining. This 
difficulty is inherent in the method of experimentation unless solutions are 
continually renewed. ’ 

These considerations have a bearing on the method of analysis used in this 
study. The sets of equations such as those in Table HI do, in fact, give correctly 
the relative ionic proportions of the different ions present, but the sum total 
of the ionic proportions varies. It is assumed at the outset that the relative 
yield (as expressed in the right-hand term of the equation) is made up of con¬ 
tributions from each of the ionic proportions present on the left-hand side. 
Since the total number of these ionic proportions varies, whereas in the 
experiment, at least theoretically, the total number of ions was maintained 

♦ Hoagland gives figures showing absorption of ions of barley plants 7 weeks old : during 
8 days from a solution of 0,P. 1*72 1/7 total NOa absorbed, from solution 0*07 osxnotio 
pressure per oent. disappears. 
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coTifitant to obtain constant osmotic pressure, the magnitude of the contribution 
to jrield by each ionic proportion will decrease as the total number of ionic 
proportions increases. If then equations were selected with a fixed number of 
ionic proportions of one variable (say a) but with varying Mai number of ionic 
projwrtions, the numerical values of a as obtained from different sets would 
tend to decrease with increasing total number of ionic proportions. No 
preliminary method of treating the figures of relative yield, such as dividing 
in each case by the total number of ionic proportions present, would overcome 
the difficulty, since such treatment, to be adequate, would necessitate a know¬ 
ledge of the relative magnitude of the contributions to yield of each ion, which 
is in fact the information required from the equations. 

Before describing the empirical method of approximation used to overcome 
the difficulty mentioned above, it may be well to consider briefly the average 
values of the effects of each ion as given in Table IV. Substituting for these 
values in an equation representing the average composition of the solutions 
all over the range, the figure for relative yield shoiild come out at the average 
value, namely, 1*00. 

The average solution has the following composition 3»G10a + 4*6285 + 
2 • + 4 * 512eiE + 2 * 707e + 2 • 693/. Substituting the values of the variables 

given in Table IV, gives values for relative yield of 0*979 for series 1, and 
0*983 for series 2. These figures clearly indicate that the values given in the 
Table do in fact represent the average effects of the ions ; they are to be inter- 
pr<*ted in the following way. In a solution of osmotic pressure of 1 atmosphere 
containing an ionic concentration of K* of 3*610 parts in 20*643, roughly 2 
in 11, 7 per cent, approximately of the yield in dry weight is contributed by 
each ionic proportion of potassium. Similarly for the other ions with positive 
effects. For phosphate ion the interpretation of the figure would be: the 
presence of an ionic concentration of HgPO'^ of 4*628 parts in 20*543, roughly 
2 in 9, would decrease yield by approximately 1 *6 per cent, for each ionic pro¬ 
portion of phosphate. 


Empirical Methods to Detemine Approxiniatiom to the Real Values of the 

Variables. 

All the equations were divided into groups consisting of those in which the 
coefficient of a particular variable is 1, 2, 3, etc., respectively. In these equa¬ 
tions all the other variables except the first are replaced by their numerical 
values calculated from the average values in Table IV, i.e., 25 was replaced by 



Growth of Potato Plants. 


319 


2 X (— 0-032), etc. Each of the original equations thus gave a value for a, 
2a, 3a, etc., acjcording to the grouping. Prom these individual values the mean 
values fox a, 2a, etc., were obtained. The process was then repeated for 
6, but substituting the new values for multiples of a. This method was carried 
out consistently in turn for increasing values of each of the variables, replacing 
in each case the variables already determined by their new numerical values 
until an entirely new set of values of increasing multiples of each variable was 
obtained. This gave the first approximation to th(^ real values of increasing 
multiples of each variable. 

It was now possible to draw graphs showing the effects of increasing amounts 
of each variable alone. These curves were smoothed to obtain more uniform 
values. The whole process was now repeated to obtain the .second approxima¬ 
tion. These valutas are shown in Table V. 


Table V. 


K. 

I H,PO,. 

! Ca. 

1 i 


Mg. 

SO*. 

a 0 026 

2o « 0190 
3a 0 382 

4a ra 0'440 
6a n. 0'430 
«a = 0-409 
8o 0-362 

10a » 0-333 
l2a 0-316 

! 

6 *= 0-06S 

26 jas 0*032 

36 0*005 

46 =*-^0*040 1 
56 =-^0 066 
06 -^-0*112 ' 
86 

106 ^-0*255 1 
126 --0*326 

i 

c « 0*158 

2d 0*292 

3c ^ 0*347 
4d =*: 0*480 
6c -- 0*664 
i ftc ^ 0-688 

i ! 

d = 0-017 
2d = 0-046 
3<1 =. 0 -100 
U == 0-162 
M = 0-220 
6<I =» 0-260 
8d = 0-278 
1(W =. 0-2)7 
12* = 0-110 

c r -) 0'21.3 
2e ^ 0*290 
3c - 0*366 
4e - 0*430 
66 ^ 0*467 
6e 0*500 

/ 0*032 

2/ -0*048 

3/ =»;-0*048 
4/ -0*040 

6/ «-0*033 
6/ -0*024 


Average contribution to yield of increasing number of ionic proportion# of each ion in a solution 
oonsistii^ in all of 20*5 ionic proportions, the remaining five ions being present in all possible 
combinations. 


By summation the effects on yield of the ions in molecular combination were 
obtained and are reproduced in Table VI. These figures are represented 
graphically in fig. 1. 

The Table gives the average contribution to yield of increasing numbers of 
molecular proportions of each kind of molecule in a solution consisting in all 
eases of 8 molecular proportions, the remaining constituents of the solution 
being salts of the other two metals, in all possible combinations. The figures in 
Table VI axe graphically presented in fig, 1. The abscissse represent the number 
of gram-molecules of each salt present as a fraction of the total gram-molecular 
salt content of the solution. The ordinates give the proportional contribution 
to total yield (taken as unity) of the various salts respectively. 
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Table VI. 



Oa.(NO«)s. 

Ca80(. 

Ca(H.PO.),. 

3 

0-203 

. 0-190 

0-190 

2 

0-454 

0-244 

0-252 

3 

0-007 

0-299 

0-236 

4 

0-758 

0-440 

0-297 

6 

0-771 

0-521 

0-299 

« 

(>•79.1 

0-669 

0-368 


KNOa. 

K,SO.. 

KHjPO,. 

1 

0 043 

0 222 

0-094 

2 

0-286 

0392 

0-222 

3 

0-482 

0-361 

0-377 

4 

1 0-602 

0-322 

0-400 

5 

t 0-650 

0-3(K) 

0-366 

b 

! 0-660 

0-292 

0-297 

S 1 

0-640 


0-179 

10 

1 0-550 

1 

0-078 

12 

0-426 

1 

1 

-~0-009 

1 


.\Ir(NO,),. 

MgSO,. 

Mg(H.PO,),.. 

1 1 

0-258 

I 0-245 1 

0-245 

2 f 

0-452 

i 0-242 

0-260 

3 : 

0-625 

0-317 

0-263 

4 1 

0-708 ; 

0-390 I 

1 0-247 

T) 

0-684 1 

0-434 I 

! 0-212 

0 

0-610 

1 0-476 

0*175 


Avt^rage contribution to yield of inoreasing numbers of molecular proportions of each type of 
molecule in a solution consisting in all of eight molecular propoitions, the remaining molecules 
of the other two salts being in all possible combinations. 


The curves do not call for any special comment, their smoothness, however, 
is striking. The predominating effect of the nitrates comes out very clearly, 
and up to the highest concentrations of KNO, and Ca(N08)2 used the yidd 
increases, but wifh Mg(N08)j high concentration definitely decreased jrield. 
The general similarity between curves for nitrate and the t3rpe of curve demanded 
by Mitscherlich’s equation of yield, is obvious. 

The curves for phosphates and sulphates are more varied in form and not 
easily interpreted. The positive effect of the kation is partially neutralised by 
the adverse effects of the anions H jPO'4 and SO'4; and in the case of Mg(H2P04)8 
the negative effect predominates giving a falling curve. The method of deriving 
these curves indicates the possibility that the Mitsoherlich curve may be the 
resultant of two effects, namely, of anion and kation respectively, whose separate 
relations with yield may vary within wide limits. 

By summing the values in Table VI in the proportions of the molecular cou' 
oentrations in Johnston’s tables, the yield for each solution in the six typea 


proportion of totat yield 
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1.—Graphical r^wwentation of %ures in Table VI. Abeciesffi rejMPesent number of 
gmai'^molaoiUe* of each salt preset aa a fraotitm of the total gram-molecular salt 
content of the solution. Ordinates represent proportional contribution to total yield 
(unity) of Uie various salts respectively. 
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may be predicted and has been calculated. A comparison of the calculated 
values with the observed values in Johnston’s first series of experiments is 
found in Table VII. 


Table VII. 


Solu* 

fcion 

No. 

Type L 

Type II. 

Type in. 

Type IV. 

1 

Type V. 

Type VI. 

Csl. 

Obs. 

Cal. 

Obs. 

Cal. 

o 

Cal. 

Obs. 

Cal. 

Obs, 

Cal. 

Obs, 

1 ! 

0*77 

0-86 

0*60 

0*42 

0-71 

0*71 

1-02 

0*92 

0*41 

0*47 

0*89 

1*04 

2 1 

0*98 

' 0*82 1 

0*89 i 

1*04 

0*73 

0*86 

1*16 

0*90 

0-60 

I 0*56 

1*02 

1*04 

3 

109 

0-76 

1*08 

1*32 

0*67* 

0*63 

1*17 

100 

0*59 

0*82 

1*10 

1*07 

4 

117 

M7 

1*23 

1*00 

0*66 

0*86 

M4 

1*18 

0*74 

0*69 

M6 

1*04 

5 

111 

1-20 

1*24 

1*38 

0*68 

0*63 

0*97 

0*98 

0-81 

0*61 

1*07 

1*46 

6 

113 

109 

1*26 

1*14 

0*65 

0*67 

0*84 

0*88 

(0*96) 

— 

(101) 

— 

7 

0-86 

0*94 

0*81 

0 62 

086 

1*13 

1*27 

1*33 

0-64 

0*78 

1*10 

0*89 

8 

107 

1*32 

1*09 

1*04 ! 

0-88 

1*34 

1*36 

1*98 

0*73 

0*78 

M7 

0*96 

0 

116 

1-47 

1*26 

1-04 

0-79 

102 

1*25 

1*18 

0*79 

0*94 

M6 

0*95 

10 

1-22 

1*23 

1*40 

1*14 

0*77 

0*74 

1*14 

0*98 

0-93 

1*02 

1*11 

107 

11 

1*24 

0*97 

1*41 

1*70 

0*78 

0*71 

0*96 

0*76 

1*00 

0*90 

(1*00) 

—- 

12 

1-97 

0*70 

0*81 

0*66 

1*06 

1*24 

1*26 

0*92 

0*92 

0-90 

1*28 

1*18 

13 

M6 

103 

1-07 

0*87 

1*06 

M3 

1*24 

0*88 

0*98 

1*26 

1*25 

104 

14 

1*23 

0-97 

1*22 

104 

0*96 

0-99 

1*06 

1*06 

1*03 

M3 

M3 

1*17 

15 

1*38 

1*38 

1*36 

1*46 

1*02 

0*99 

0*92 

0*71 

M7 

M3 

1*08 

1 01 

10 

0*92 

0-82 

0*78 

0*76 

Ml 

1*41 

1*14 

0*96 

1*06 

0*98 

1*22 

0*86 

17 

MO 

1*00 

1*03 

0*97 

MO 

M7 

1*03 

1*08 

MO 

0*94 

MO 

MS 

18 

1-26 

M4 

1*17 

0*97 

1*08 

MO 

0*82 

0*84 

1*16 

1*29 

0*96 

0*80 

19 

0*81 

0*70 

0*76 

0*76 

1*08 

1*63 

0*94 

1*02 

1*09 

M7 

l-Ol 

1*01 

20 

1*06 

0*76 

1*00 

0*97 

M6 

1*34 

0*81 

0*76 

M4 

M7 

0*87 

0*68 

21 

0-76 

0*66 

0*74 

0*69 

1*10 

0*92 

0*74 

0*71 

1*10 

2*66 

0*76 

0*68 


Oompari«on oi observed relative yield for eftoh solution of the six types with the predicted 
yields obtained by summing the contributions to yield of the molecules present. 


In Tablf? VII the observed relative yield for each solution of the six types is 
compared with the predicted yield obtained by summing the contributions to 
yield of the mole<?uleB present, using figures given in Table VI, and molecular 
proportions as given in Johnston’s Tables I to VI. The agreement between 
observed and calculated values all over the range is good, and by summing the 
squares of the differences between these, the variances for each tyi>e were 


found. They are as follows :— 

Type. Variance. 

I . 0-6816 

II . 0-5843 

III . 0-9231 

IV . 0-9114 

V . 2-8101 (0-3766) 

VI . 0-5799 
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Except for type V the variances do not differ much and indicate that agreement 
is equally good for all types of solution used. The large variance in type V is 
due to the abnormally high value of relative yield in solution 21, and if this 
figure is neglected the variance falls to 0*3765, which is comparable with the 
rest. The total variance is 6*4904. 

When the two series of experimental values for relative yield are compared 
in the same way, the variances are as follows :— 


Type. Variance. 

I . 1*7947 

II . 1*3789 

III . 0*9256 

IV . 1*2227 

V . 2*7172 (0*4068) 

VI . 1*1962 


In every case except type V, and also in this case when solution 21 is neglected 
for reasons stated above, the variances for differences in experimental values 
in the two series is greater than for an experimental set of values and the corre¬ 
sponding predicted values. 

The total variance for differences between the two experimental series of 
values is 9*2630, while for differences between predicted values and the values 
in series I the total variance is 6 • 4904, which is very much less. Hence it follows 
that the calculated values agree with experimental value better than two 
experimental series agree among themselves. More cannot be expected of 
predicted values. 

The total variance (Sd®) between experimental values makes possible an 
estimate of their probable error. For a single dry-weight figure this works out 
as 18*5 per cent. The predicted values are presented graphically in fig. 2. 

The method of plotting the results is briefly as follows. Each side of the 
triangles represents the base-line from which the quantity of a particular salt 
present in a solution is measured. It is a well known geometrical fact that the 
perpendiculars drawn from a point within a triangle on the three sides always 
have a constant sum-total in length. Prom this it follows that if the perpendicu¬ 
lar distance from any point within the triangles represents the percentage of 
the salt, for which that side is the base-line of measurement, present in a solu¬ 
tion, then each point within the triangles will represent a mixture of the three 
salts in certain relative proportions, in solutions which always have the same 
total number of molecules. The composition of the 21 solutions of each of the 









Fro. 2.—Contours of relative yield for solutions of tluree salts in all oombinations repro* 
aented by points within the triangles. The perpendioulax distances from a pdnt to 
the sides of a triangle are proparticmal to the percentages^ in the solution, of the tbam 
salts inscribed on the three sides respectively. 
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six types is represented by the points and crosses within the triangles in the 
diagram. 

Numbers representing the predicted relative yields were inserted at the 
points corresponding to the positions of the solutions within the triangles, 
and contours of relative yield were thus constructed, joining points of equal 
predicted yield. 

The separate values for relative dry weight are not inserted in the diagrams 
but the contours of yield are numbered, and give a clear picture of the dis¬ 
tribution of relative yields for the various types of solution. The crosses mark 
the positions of the seven best cultures in each set which Johnston used for 
estimating the effects of the ions. In general they occupy the positions round 
about the contours of highest yield. The scattered positions of the seven best 
(mltxires in types IV and VI were commented on by Johnston, but this is clearly 
related to the wide spacing of the contours in these two sets. Types I and VI 
differ only in the interchange of NO '3 and SO '4 ions between calcium and 
magnesium. The contours are almost mirror images of each other. This 
is equally true of types II and IV, but the interchange of SO 4 and H 2 P (>'4 
in types III and V does not lead to a reversal of contours. In the latter case, 
the contours run more or less parallel to the base of the triangle. 

In general the contour lines will tend to run parallel to that side of the triangle 
from which the proportion of the dominant ion is measured. Thus in the case 
of types III and V this tendency is well represented by the effect of the nitrate 
ion, although the effect of the Ca ion is seen for the contour of highest yield in 
type III, and in the general deflection of the contours towards the calcium 
side of the contours of type V. The high effect of the calcium ion is best seen 
in types I and II, where the contour lines run almost parallel to that side from 
which the proportion of calcium is measured. Here again tile lines of highest 
yield show a deflection parallel to the potassium side, indicating the subsidiary 
effect of this ion. 

In types I and 11 it so happens that both Ca* and NO'g are associated on the 
same side of the triangle, and their effects on the run of the contours reinforce 
each other. The same tendency is seen with Mg’ and NO '3 types IV and VI. 
Johnston's conclusion that the best cultures always tend to occupy the positions 
as far as possible from the nitrate base-line is well brought out in all the diagrams. 
The reason for this is clearly that all the kations having high effects on yields, 
their individual effects will not greatly affect the run of the contours, which are 
thus almost completely determined by the inter-relations of the anions. 

As sulphate has been shown to have practically no effect, the general dis- 
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tribution of the contour lines will be determined largely by the opposing efiects 
of NO'a and HgPO 4 . Thus the lines will always tend to run parallel with the 
nitrate base-line and meet the phosphate base-line at a high angle. This 
tendency is evident in every case irrespective of the distribution of the kations, 
A similar relation holds for the sulphate base-line, and is seen to occur. 

From the distribution of the contour linos the predominating effect of nitrate 
is very obvious, and the correct conclusion as to the effect of nitrate ion was 
arrived at by Johnston ; the strong effects of the kations could not be predicted 
by mere examination of the distribution of the best cultures within the triangles, 
and Johnston’s conclusion of magnesium having an adverse effect is not sub¬ 
stantiated. 

It may be claimed that the results of the method of analysis outlined in this 
paper have thrown a considerable amount of light on the complex probltim of 
the interaction of ions in solution. The application of this method to other 
experimental data of the same kind could not fail to yield important information 
on the nutritional requirements of other plants, and their specific relations to 
the ions investigated. 

In conclusion the author wishes to record his thanks to Mr. F, Crowther, of 
this Department, for assistance in the labour of calculation. 

Summary. 

1 . The paper describes a method of statistical analysis which enables an 
assessment to be made of the effect of single ions on the growth of plants in a 
culture solution consisting of a mixture of salts. 

2. The method has been applied to a very complete set of data published by 
E. S, Johnston in«a paper entitled “ Growth of Potato Plants in Sand Cultures 
treated with six ‘ Types ’ of Nutrient Solution.” 

3. The experimental procedure employed by Johnston is considered and the 
shortcomings of all similar methods indicated. 

4. It is found that the kations in the solution have for each relative ionic 
concentration (ionic proportion) a greater effect than any of the anions used. 

5. The effects of the six ions used are presented numerically and graphically 
both for the ions singly and in molecular combinations. 

6 . The predicted values for yield iu the solutions (jmployed by Johnston 
axe compared with his experimental results, with the result that the agreement 
between the two values proves to be closer than the agreement found between 
duplicate sets of experimental results. 
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On the Prodvction of Silk hy Species of the OenifS Hilara 
Meiy, {Dipicra), 

By H. Eltbinoham, M.A., D.Sc., F.Z.S., with an Appendix on the Habits of 
the Species, by A. H. Hamm, A.L.S., F.E.8. 

(Communicated by Professor E. B. Poulton, F.R.S.—Received Oct. 17, 1927.) 

[Plat® 22.] 

In the EniomokigiitV8 Monthly Magazine for 1877, j). 126, there is a note by 
Baron 0. R. Osten-Sacken describing certain species of the genus Hilara which, 
in flying, carried with them “ bits of white tissue,” Those objects, on closer 
examination, proved to be flakes of “ opaque, white, film-like substance, oval, 
about 2 mm. long, and so light that the faintest breath of air could lift them,” 
He describes the appearance of the film as “ not unlike the opaque white tissue 
spun by some spiders.” The species of fly was identified as Hilara alpina, 
Loew, by Prof. Loew, who also informed Baron Osten-Sacken that Prof. Zeller 
had made a similar observation on August 14, 187S, near Bergiin. 

The foregoing account appears to include the first recorded observation on 
the habit of silk-spinning in the genus. In regard to the name (dpina, the original 
identification of the film-making species is questioned by Becker {Berlin Ent, 
Zeit, 1888, p. 7) and he gives to it the name of Hilara sartor, and appends a full 
description of the two sexes. He supposes that the secretion is produced from 
the abdominal glands. In 1889 {Ent, Nachr,, p. 220) Girschener desorilxed the 
webs made by If. maura, Fab., and If. interstincta>. Fall., and pointed out that 
they SQtnetiines contained the insect prey of Hilara. Later, Mik added the 
species H, aSrmaiha to the list of those which carried prey. Handlirsch (in 
Verk Zool.-Bot, Ges., Wien, 1889, p. 624) further described, with much detail of 
von, 2 B 




measurement^ the webs or veils made by H. sorter. He gives the diiamN^ pi 
thethreads as 0*001 toO-0015 miUM and states that the silk is simiiar in 
composition to that of caterpillars and Spiders. 

In Ifiener Ent. ZeU., vol. 12, p. 260, Mik published a paper on the bidpgy 
of certain Diptera, the second part of which is devoted to the spinning of certain 
Hilaras. He discusses at length the previotis work on the subject, and the many 
opinions that have been expressed as to the use, method of oarr 3 dng, and ongttx 
of the silk, and concludes that it is produced from the mouth. In the Armrimn 
NolMraUst^ 1899, No. 394, p. 809, Aldrich and Turley give an account of a 
“ Balloon-making Fly.^’ The species was identified as Emfis Loew, 

“ or a closely allied species.” In this case the balloon is described as composed 
of sticky globules, which were immediately dissolved by alcohol. The balloons 
sometimes contained prey. 

Evidently in this species we have something of a different nature from the 
silk produced by Hilara. In the silk-making species of Hilara, the substance 
hardens so rapidly in the air that it is never found to be sticky, and it consists 
of threads and not globules. Mr. A. H. Hamm has, however, found a species 
which carries small globules apparently of a nature somewhat different from the 
usual silk.* 

It would be difficult, even in a paper of much greater length than this, to do 
adequate justice to the long series of painstaking observations which have been 
made by Mr. Hamm, of the Hope Department at Oxford, on the habits of ^0 
British spedes of Empides, including especially the genus Hilara, found near 
Oxford. The first published account of this work appeared in thB 
University OazeUe of 4th June, 1913, being in fact a part of Prof, Foulton’e 
Report upon the Hope Department for 1912^ The colleotioxks have be^ 
generously presented to this Department and are arranged in groups^' 
and lowest, as food devoured by both sexes without relation to pairing, then ae 


* The precise nature of these globules remains in doubt. The species found 
them has been identified by Mr. J. E. Collin as HUam manm. 1 have made ixrepftratioilt 
of the elaborate genitalia both of mourn and of an individual whirii Mr. Haimn 
oap^ying a globule, and could detect no diference between them. The ^holee ane fil f 
peo^ar viscid substMoce. So permanent are its qualities that eatampies mounted m 
fifteen years ago are still as viscid ss when first obtained. The suhstaimeis sotulfie in 
ratiher slowly soluble in jcylol, and insoluble in pure alcohol, ether or 
has a sweet taste. 1 described these proper^ to my friend Mr. D, I^. Ofa^/pmat^; 

^ wefirknown chemist, and he is of the opinion that it must be of a sugary naWtn. 

S. wuwm wffi pkk up any small object, it seems liksfy that the ||cbidea fiS!e 

ixom some external source, but further investigation can only be made durh^s sonmitt^^ 

sstMon when tim fiy is obtain^ 
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a gift provided by the male and devoured by the female during pairings finally 
as it were an ornament or plaything—^no longer eaten by the female, but acting 
as a lure or stimulus* In the last stage the prey is often replaced by some vege* 
table fragment which is quite unsuitable as food. The climax of this line of 
evolution is reached in an elaborate cocoon spun by the male around the prey, 
and replacing the latter as an object of attraction (see Ent. Mo, Mag,y vol, 49, 
1913, p. 178, where the report is reprinted).. 

Amongst the species experimented upon by Mr. Hamm are the following— 
H, rmurOy Fab. This species makes quite considerable ‘‘ balloons of which 
one is illustrated in fig. 3, Plate 22. This particular example is about 4 mm. long 
and 2 mm. wide, and contains a small object, probably a particle of vegetable 
debris. Although there is some irregularity, a general direction of the main 
threads can usually be detected, running from pole to pole, and where two join 
towards one end of the cocoon they often fuse into a single thread. The form of 
these cocoons varies greatly, and almost any shape may be found, from an elon¬ 
gated balloon,‘pointed at both ends, to a mere tangled, more or less spherical 
mass. 

I have shown in the text-figures six examples of these cocoons. Nos. 1 and 2. 
were made by E, pilosay Zett., 3 to 6 by H, maura. Sometimes a fairly regularly 
constructed example spreads out spontaneously into quite a large ball of fluff 
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alter it has been moxmted on a card. H. tmura will accept any small object 
tibtFOwn on the water, thou^ it often catches small insects, and even examples 
of its own species. When such prey is large, it seems to be merely rolled up and 
tied with a few strands of silk. Fig. 6, Plate 22, shows another Hilara which, 
after being disabled and thrown on water, was picked up and bound with silk 
by a male mmira. 

The maniH^r in which nuiura and other species overcome the surface tension 
of the water in order to pick up a floating object is remarkable. The insect 
whirls rapidly round and round, and so lifts the prey in a little vortex of its 
own making. 

quadrivittala, Mg., was not observed to make any balloon, but takes small 
insect jH’ey and binds it with silk. It will not accept any extraneous object. 

H, cuTtisi^ Collin (— cilijm, Meig.), has the usual enlarged tarsal joint but has 
not been observed to make silk. 

H. heckeri, Strobl., has the tarsal joint but slightly enlarged. It takes insects 
as prey and ties them with silk, but does not appear to make balloons. 

//. jrilosa^ Zett., has been taken by Mr. 0. W. Richards, of the Zoological 
Department, Oxford, and by Mr. Hamm, in very small numbers. It mokes a 
silken structure of great beauty, which may be described as comet-shaped, 
having numerous threads trailing from a kind of central point or nucleus. The 
few examples obtained in the first instance (by Mr. Richards) had prey in the 
silk. Others taken later by Mr. Hamm had none. 

£r. ihoracica, Mcq,, is found to take either insect prey or small extraneous 
objects and bind them with silk. 

H. liiorm. Fall,, taken by Mr. Hamm near the Oxford University Parks, has 
a well-developed enlargement of the tarsal joint, but the insect prey taken with 
it does not show day evidence of silk. 

H. chorica, Fall, has a remarkable tarsal joint which is short and rounded. 
It takes insect prey, but there is no definite evidence of silk. 

H\ fuacipes, Fab. (== mrirUhiaca, Beck.) takes insect prey and ties it with silk. 

All the above species, and others collected and observed by Mr. Hamm, 
can be seen in the Hope Department at Oxford. Only an inspection of the 
material can give an adequate idea of their oolleotor's great industry and 
powers of observation. The dates extend over several years, and the mounts 
contain thousands of i^ecimens, their cocoons and prey. 

Though the production of silk by these flies has been known for so many years* 
the organs associated with it have remained undiscovered. The secretion has 
been varioiisly supposed to emanate from the mouth and from abdominal 
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glands. Some time ago Mr. Hamm suggested tkat I should endeavour to knd 
the silk-glands, since such mmt evidently exist, and I did in fact make sections 
from material which he kindly obtained for the purpose. I must admit that I 
also was obsessed with the idea that the glands would be found in the thorax 
or abdomen of the insect. Indeed one would rather naturally expect to find some 
modification of the salivary glands. My researches did not then furnish any 
clue to the mystery, the short season of the imaginal fly was over, and pressure 
of other work caused the matter to be left in abeyance. Early this summer 
however (1927) Mr. Hamm again brought me material and suggested that the 
peculiarly enlarged basal joints of the fore-tarsi in the male might be worth 
examination. The first species to be taken was //. rmum, and when this was 
over the work was continued with H, quadrivittata. 

On teasing out one of the enlarged tarsal joints, w’^hich had been treated 
with picro-chlor-acetic acid, and examining the mass under a moderate power, 
there appeared numerous large cells or glands, somewhat pear-shaped, and each 
having a tube-like structure emanating from its thinner end, like the much 
enlarged stalk of the pear. Evidently there was some glandular structure in 
the tarsus. 

Fresh examples were then examined. On breaking open the ohitin there 
emerged drops of a clear fluid which, on exposure to the air, hardened with 
great rapidity. A needle inserted in one of the drops and drawn slowly away 
carried with it a thread which became dry and more or less rigid in a few seconds, 
the effect being similar to that obtained in drawing out a thread of molten glass. 
The substance in the tarsal joints strongly resembled a silk-like secretion. 

Sections, both longitudinal and transverse, having been made, the glandular 
nature of the contents of the modified tarsal joint was no longer in doubt, and 
the tubular ducts from the cells, though very liable to fracture in section-cutting, 
evidently ended at the chitinous exterior, principally on the rather narrow 
edge of the tarsal joint. Examination of a piece of the chitin, flattened-out on 
a slide, disclosed the fact tliat close to the base of some of the spines in this 
area, there was, in the substance of the chitin, a minute pore, at first inter¬ 
preted as a means of exit for the secretion. I now know, however, that this is 
incorrect, and the function of these pores remains for the time being undis¬ 
covered. The chitin is densely pigmented, and, being rather hard, it is extremely 
difficult to cut thin sections. 

Having determined the part to which most of the gland ducts were directed, 
and prepared more sections, so oriented as to pass through this area, a careful 
examination showed that each gland-dtiot led to the base of a specialised spine. 
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^ Most insect spines, tl^ough hollow throughout the greater part of their length, 
are closed at the distal extremity. The poison-spines on the larva of Limacodid 
moths contain glands and are capable of injecting the poison into any wound 
they make, but this is accomplished by an ingenious arrangement by which 
the point of the spine becomes detached.* Ordinary examination of the spines 
on the tarsus of Hilara does not disclose any opening, and yet the gland-duct 
leads directly into the spine. 

A perfectly fresh tarsus was placed on a slide under a medium power and 
pressure applied by laying over it another slide. Minute beads of the secretion 
could then be seen to exude from the points of the spines, and, by sliding the 
upper glass over the lower, these beads could be drawn out on the glass into 
threads which hardened rapidly in the air, and although thicker, resembled 
the silk spun by the insect. Sections in which these special spines occurred 
were examined under a high power, and it was then seen that the hard chitinous 
tube of the spine ended at a short distance below the extremity, and the point, 
which is comparatively blunt, seemed to consist of a very delicate membrane. 
There can be no doubt that the membrane opens at the end under the pressure 
of the secretion, and probably closes again by its own elasticity. Indeed such 
a provision would seem to be necessary, since the secretion hardens so rapidly 
on exposure to the air that an ordinary open tube would speedily be blocked by 
a film of the solidified substance at its extremity. In many sections ordinary 
spines can be seen, but in these the deeply pigmented chitin continues to the 
end, which is sharply pointed, and unprovided with the valve-like structure 
found on the spinneret-spines, as they may be called. 

Reference to Plate 22 will now make these organs clear. Fig. 1 is a magnified 
view of the male of Hilara maura, in which the enlarged basal joints of the fore¬ 
tarsi can be distinctly seen. The wings are actually covered with minute 
hairs, but as these could not be resolved at the power used when making the 
drawing, I have not indicated them. The actual wing expanse of the specimen 
from which this was drawn is 11*6 mm. Fig. 2 shows the enlarged tarsal 
joint tmder a much higher magnification, and at the upper part of the right side 
the beads of the secretion can be seen exuding from the spines, as they do when 
pressed between two gloss slips. Fig. 4 is a magnified view of the tarsal joint 
of H. quadriviitata as seen in longitudinal section. The drawing, which repre¬ 
sents a reconstruction from several sections, as well as from teased and other 
preparations, shows the appearance when stained with eosiu, methyl-blue 
orange-G, and light-green. 

♦ See my * BnHeffly Oxford, 1923, p, 50, 
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It will be soe-n that the secreting cells consist of an enveloping cytoplasm 
(stained pink), enclosing a mass of granular, globular, or vacuolated secretion 
(stained mauve), and where it happens to fall in the plane of the section, the 
duct of each cell can be traced to its junction with the chitino\is envelope. The 
cells themselves show remarkably little structure, even when stained with iron- 
heematoxylin. The outer cytolasmic envelope appears slightly granular, and 
portions, occasionally darker, though ill-defined, seem to indicate nuclei. The 
inner secretory substance varies considerably in appearance. In some cells it 
is merely granular, in others it shows comparatively large globules, and some¬ 
times quite large vacuoles. 

In all the complete and undistorted sections the glandular mass is definitely 
separated from tlie chitin of the side opposite to the spinneret-spines by a 
space containing a finely granular substance (green in the section) which has 
all the appearance of insect blood after treatment with a fixative. There 
seems little doubt that there is § large blood-space in this position, and that its 
pressure, increased by some contractile action in another part of the body, 
serves to control the exudation of the silk from the spinneret-spines. 

Although not showing continuously in any of my sections, I am inclined to 
think that the proximal ends of the glandular cells lie \ipon, or perhaps by their 
fusion form, a delicate membrane lying between them and the blood-space. 
The diameter of the gland-ducts is about 0*002 mm. Fig. 5 shows a view under 
the 1/12 inch oil-immersion objective of a single spinneret-spine of H. qiiadri- 
mttata in its socket, with the gland-duct joining it, and part of the cell from 
which the duct arises. The delicate membranous “ valve '' can be seen at the 
end of the spine. The spine itself is about 0*025 mm. in length and about 
0*0036 mm, in diameter, although thicker at the base. 

Examples of the production of silk by a mature insect 'are of the greatest 
rarity. Silk is produced by species of Hydrophilinro (Coleoptera) which make 
egg-oocoons. Psocids cover their eggs with little silken pads or scales. Era- 
hiidee live in silken galleries. After I had made the foregoing observations on 
Hilara, Mr. 0, W. Richards kindly called my attention to a paper I had not 
seen,* in which Melander describes the silk-producing glands in Embia texana, 
MeL, and shows that the silk from this species is also produced “ in the thickened 
anterior metatarsi, within chambers,f and conducted outside to the recurved 
hairs at the edge of the plantar surface.” 

« MelAndGr, Zod. SuU^ voL 3, p. 16 (1002). 

t Melander uses the word chambers,’* probably aasuming that each silk-gland is multi- 
cdlukr, os indeed they may be in Embia. Those in Hilara are, in my opinion, unicellular. 



334 


A. H. Hamm. 

Melander gives a diagrammatic section of the part of the tarsal joint of M, 
iemna, and though differing in detail, the apparatus is in general arrangement 
similar to that found in Hilara. That silk-glands should be found in the tarsal 
joints of insects belonging to two such widely separated orders as Embiidae 
and Diptera is probably a unique example of parallel development. I have to 
thank Mr. Hamm for the whole of the material tised in the investigation, and 
also for valuable assistance. Indeed, without his help and co-operation the 
work could not have been carried out. 

Appendix. 

On the Epigamic Behaviour of Hilara maura, Fab., and two Allied Species, 

By Albert Harry Hamm, A.L.8., F.E.S., Assistant in the Hope Department 
of Zoology, Oxford University Museum. 

The following record of observations is offered as a supplement to Dr. Eltring- 
ham’s researches upon the silk-producing apparatus of the male Hilara. 

Hilara rmura, Fab.—Around Oxford this species is the commonest and most 
generally distributed of any in the genus, and is at the same time by far 
the most interesting because of its extraordinary and remarkably variable 
habits. 

Thes<3 flics are on the wing from mid-May to mid-June, and in some seasons 
occur in extraordinary abundance. They are always to be found flying over or 
near water, although the smaller streams are most favourable for observation. 
This follows from the fact that the flies collect in incredible numbers on a limited 
surface, while on rivers or ponds they become so widely dispersed that it is 
difficult to follow their activities in detail. Hence all my observations have 
been made on small streams from 3 to 6 feet wide. Sometimes, when one 
approaches such a stream at the period of maximum abundance, the flies are 
ao numerous that they produce the appearance of a thick haze lying on the water. 
After rain, the males may sometimes be seen in abundance flying just above the 
surface of small pools in the roads. I have also seen them in the city itself 
swarming over the gutters after the passage of a water-cart. 

Some of the males are to be seen skimming hither and thither over the water— 
apparently skating upon it but without touching the surface—and all the time 
keeping a sharp look-out for any small insect or other object as it comes floating 
down the stream. Having sinzed its **prey” a male immediately joins the 
throng flying from 1 to 3 feet above the water. This swarm, made up of virgin 
females and males carrying their “prey,” flies rapidly for a variable distance 
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along the stream and then returns at a different level, so that there is no inter- 
ference between the insects passing in opposite directions. The down-stream 
flight is generally at a lower level. The distance traversed may be as much 
as 0 yards or over, the limits being sometimes apparently determined by an 
overhanging branch or other similar partial obstruction. 

The males make no apparent choice between the objects on the water, seizing 
anything and everything that is small and light enough to be raised—minute 
insects of all kinds, fragments of vegetation, such as bud-scales, etc. At one 
spot over a small stream, thickly overhung with various trees, numbers of 
males and paired females were carrying the small, almost colourless globules 
described on p. 318. The viscid substance of which they are composed, at first 
believed to be secreted by the male Hilara, is probably produced by Aphides or 
other Homoptera on the overhanging trees. It is hoped that specially directed 
observations will decide this question and also show the manner in which the 
globules are collected by the flies. 

The majority of the floating insects probably fall on to the water by accident, 
or are blown from the overhanging vegetation, and many of them are alive when 
captured. The objects seized are, evidently by means of a rolling motion, 
gradually enveloped in fine silken threads, the whole mass eventually assuming 
a more or less spherical shape. When the object is very minute it is enclosed 
loosely in a relatively large silken structure, which may assume one of many 
beautiful forms (figs. 3 to 6, p. 319), and being brilliantly white, is quite con¬ 
spicuous as it is carried in flight by the males or by the paired females. Some 
of these “ balloons are empty, but it is possible that the stimulus to spin was 
provided by some small object picked up but subsequently lost. The balloons’’ 
dropped on the water, either accidentally or when coitus has come to an end, 
are readily picked up and used over again by other males. * 

Extensive experiments, made over a number of years, have enabled me to 
estdmate the time required to construct the silken covering and to perform the 
other actions which are the necessary antecedents of coitus. It was found possible 
to stimulate the males at will by strewing on the surface of the water large 
quantities of both animal and vegetable material, living and dead—Buttercup 
stamens, ray florets of the common Daisy, Aphides, small gnats, and even 
partially disabled males of H, maura itself. All such objects were picked up 
with avidity, but after many trials the Daisy florets were found to be most 
suitable. They floated easily on the surface film, were picked up without 
difficulty, and, being white, wore easy to follow when carried by the flying 
The couspiouousness of the florets and the comparative invisibility 
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of the males bearing them may be inferred from the remark of a little girl stand- 
ing by the stream when I was experimenting—“ Come and see the man who can 
make the petals fly ! ” 

These experiments proved that there is great variability in the behaviour of 
the males. Some of them would pair a few minutes after the floret had been 
seized; the majority, however, continued flying in the swarm for a longer 
period during which the florets were enclosed in silk, and reduced, evidently by 
rolling and compressing, to a much smaller size. On one occasion the following 
results were observed. A large number of florets was thrown on the water at 
3.10 p.m.; at 3.20 the net was passed through the swarm in order to collect 
samples, for the burdens are immediately dropped by the captured males. These 
florets were found to be considerably attenuated; but, at 3,30, when fresh 
samples were taken, they had become still more slender and thread-like, and 
oft/cn much shortened, and were enclosed in silk. These and the results of many 
other similar experiments may be studied in the Hope Department of the 
Oxford University Museum. 

In another set of experiments the Hilaras were offered partially disabled 
males of their own species, and these were also picked up from the water, 
although not with the same ease as the florets. When the object is too heavy 
to l)e raised at once from the surface “ the male, after seizing it, spins round 
with great velocity till the load rises on a cone of water and is finally lifted from 
the apex ’’ (En£, Mo, Mag,, vol. 49,1913, p. 179). When, as sometimes happens, 
two or even three males arrive simultaneously at the same object, the ensuing 
struggle on the surface of the water generally lasts until one or more of the 
rivals is completely submerged. The vanquished flies are, however, none the 
worse for the immersion. 

The male, when ready to pair, seeks a female from among the swarm, flying 
below her as he pursues. At the moment of pairing the two insects clinch 
together, ventral surface to ventral surface, but in an instant the male is upper¬ 
most, and the female can be seen in possession of the object previously carried 
by him. The white “ balloons,” often spun by the male, are especially easily 
seen after transference to the female, as are the white florets of the Daisy and 
yellow stamens of the Buttercup used in my experiments. All these objects 
are quite conspicuous, hanging from the lower insect of each flying pair, and the 
lower is invariably the female. The sex can be accepted without doubt, because, 
at the moment of pairing, the half turn in the air may be seen to bring the male 
uppermost, and because, when the paired insects are made to alight on the net 
or in a box, the male is invariably above the female. When thus resting, he 
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intermittently taps the head of the female with the dilated basal joint of tho 
fore^arsi, moving the legs alternately. 

The two insects, as soon as they have paired, fly slowly and steadily away, 
both sexes using their wings and maintaining a level which is always higher 
than that of the swarm they have left, and may occasionally reach an altitude 
of 20 to 30 feet. How long copulation lasts it would be extremely dilficult to 
determine, for the insects never settle but continue their flight for the whole 
period. Pairs which have been captured and enclosed in a glass-bottomed box 
remain in antH for several hours. 

H, qmdnvitMa^ Mg., is another common species, oft(»n found in company 
with momra^ although never in anything like the same abundance. In many 
respects its habits are similar to those of maum, although it never spins 
“ balloons but always binds its “ prey with silk, often enclosing it in a wall 
of many layers. Repeated experiments have shown that, while the males 
readily take small insects of many kinds from the surface of the water, they 
invariably refuse the fragments of plants similar to those accepted by JET. tnatira, 

H. pHosa, Zett.—The habits of this woodland species were first observed by 
my friend Mr. 0. W. Richards, and a few days later by myself, in June of the 
present year (1927), in Bagley Wood, near Oxford. The insects were seen flying 
in the afternoon, about 2 or 3 feet from the ground, under the low branches of 
a large oak, and at some considerable distance from water. My attention was 
first attracted by a glistening white object carried by these Hilaras as they flew 
backwards and forwards. The carriers when taken proved to be males bearing 
beautiful and remarkable comet-like silken structures (figs. 1 and 2, p. 319), very 
different from the “ balloons ” produced by H. maura. Paired specimens were 
also obtained, and in each case one insect—^the female it may be safely inferred—* 
was found to be holding a similar silken object. Out of nine such structures 
carried by males and paired females, taken by us, three enclosed small insects 
entangled in the silk, while six were without “ prey ” of any kind. 

EXPLANATION OF PLATE 22. 

FiO. 1.—^A mogniflod view of HUara maura, male. Note the enlarged basal joints of the 
f<Mro-tmi. 

Fto. 2.—A more highly magnified view of the enlarged tarsal joint, showing the beads of 
liquid sOk exuding from the spinneret-spines. Owing to the speoimen having been 
partly cleared and viewed by transmitted light it appears browner than in untreated 
examples. 

Fio, 3.—-Enlarged view of a “ balloon or ** ooooon ** made by H* manta. It contains a 
small par^ole appanmtly of some vegetable debris. 



338 


J. W. H. Harriaon. 


Fxo. 4.—Magnified view of a longitudinal section of the enlarged toraal joint of a male of 
H, gtuidrivittata, as it appears when stained with eosin, methyl-blue, orange-G, and light- 
green. The gland-oells liave a pink cytoplasm enclosing a mauve substance which is 
the silk secretion, and each cell has a delicate tube leading to a spinneret-spine. The 
tubes can, of course, only be seen when they happen to lie in the plane of the section. 
To the right is a granular mass stained green, and doubtless representing blood, by the 
pressure of which the secretion of the glands is expelled. 

Fiq. highly magnified view of one of the spinneret-spines in its socket, with the tube 
and part of its respective gland cell. Note the delicate membranous extremity of the 
spine. 

Fxo. 6.—A small fly (Hilara sp.) which after being disabled and thrown on the water was 
picked up by a male of H, tmura and bound with silk. 


A Further I'nduclim of Melanism m the Lepidopterotis Insect^ 
Selenia bilunairia Esp., and its Inheritance-, 

By J. W. Heslop Harrison, D.Sc. 

(Communicated by E. W. MacBride, F.R.S.—Received November 17, 1927.) 

I.— Introductory, 

The subject of the experimental induction of melanism in the Lepidoptera, 
by feeding the larvae of the species employed on food artificially charged with 
manganese or lead salts, has already been discussed in a former paper (Harrison 
and Garrett, 1926). However, as was definitely indicated in the concluding 
sentences of that c.ontribution, the work left it quite an open question whether 
one had to look upon the metal or the acid radical in the compound supplied, 
as the active agent in bringing about the induction. Recognising this, we stated 
that further researches were contemplated on similar lines at an early date, to 
settle the matter. 

A few months after the conclusion of the earlier work I came into possession 
of an adequate supply of pupae of Selenia hilumria (the Early Thorn), collected 
in the mountain district between Saxony and Czechoslovakia, and I deter¬ 
mined to commence the work at once, restricting the investigation to the 
effects of the metal manganese. Since the manganese salt used in the former 
investigation had been the sulphate, in the newer experiments recourse was 
made to the chloride. 

Furthermore, for certain reasons, the methods of administering the com- 
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poundjs formerly adopted were abandoned in favour of those used in the still 
earlier preliminary work of 1917 (Harrison, 1926). Instead of supplying the 
larv© with out twigs which had been charged with metallic compounds by allow¬ 
ing their cut ends to stand for 24 hours in a 0*01 per cent, solution of the salt, 
the foliage introduced into the cages was freely sprayed with a 1 per cent, 
solution. By choosing this method a much closer approximation was made 
to the conditions of food-plants in industrial districts, and at the same time it 
was possible to keep the twigs in the cages standing in ordinary water. 

Needless to say, except under conditions of emergency mentioned below, 
no change was made in the choice of food-plant, hawthorn {Cratwgus Oxyacantha) 
being uniformly supplied on account of the ease with which it is manipulated 
under cage conditions. 

II .—The Experimuxts. 

The pupa) received, which were of course of wild origin, were gently forced 
in order that an early start could be made with the experiments. In 
consequence, the bulk of the insects emerged in January and February, 

As is well known, Selenia bihnaria is both seasonally and sexually dimorphic, 
so that the imagines thus bred were necessarily the heavily marked larger insects 
of the spring* generation. Nevertheless, it should be noted that, although 
the distinguishing features are not great, they can be differentiated racially 
from the corresponding generation of British origin. 

From this batch a single pair, emerging in January, gave rise to the ova on 
which the work was based. These eggs, 141 in number, were kept in a fairly 
warm room, so that just as with the parent imagines, the emergence of the 
larvee was accelerated. Only 9 eggs proving infertile, 132 larvae were obtained, 
and immediately divided into two lots, each comprising 6§ individuals. One 
of these batches served as a control and was supplied with untreated food, 
whilst the other was fed on contaminated leaves. 

Until they had reached the end of the second instar, both lots were kept in 
shallow, air-tight, glass-topped boxes, 3J inches in diameter, in which the twigs 
of the food-plant were inserted without water. During the early stages of the 
third instar they were transferred to cylindrical glass cages containing the cut 
twigs of hawthorn standing in water. Bo speedily did the larvas, both control 
and treated, develop that, by the end of March and the beginning of April, 

* It will thus be clear that the present work, unlike that described in the 1926 paper, 
commenced with the spring emergence and not with the summer brood to which Haworth 
aiflied tlM 
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new batches of imagines, with the facies of the stumner brood juliaria, were 
in the cages. 

In the case of the controls there appeared 28 females and 23 males, whilst 
the experimental lot yielded 19 females and 27 males. In the latter case, 
a single pair was chosen with which to continue the work; on the other hand, 
in order to render the control as rigid as possible, the progeny of three pairs 
was reared to provide the next generation in that set. This, the second 
inbred lot in both series, control and otherwise, succeeded just as expeditiously 
for it appeared in May. 

Once more the whole of the insects roared were of the usual summer juliaria 
type, and, again, to continue the work, a procedure similar to that adopted 
with the second brood of the year was followed. A single pair selected from 
the treated brood sufficed to continue that series, whilst three pairs served in 
a like capacity for the controls, although, as will be seen from the tables, in the 
latter case the two parents of any given control batch were not necessarily 
taken from the same control family. 

Quite unexpectedly, the fourth brood of larvee in both sets fed up rapidly 
and produced imagines, again of the juliaria form, in September, Again, the 
selection of parents was made as in the previous generation, and their ofispring 
as larvae provided in their early instars with hawthorn as food. However, 
very soon, owing to the lateness of the date, difficulties were encountered 
in procuring food, for the foliage of hawthorn is soon rendered unsuitable 
for food purposes. The food-plant was therefore compulsorily changed, firstly, 
to alder (Alnus rotundifoUa) and, finally, to bramble {EtAm fnUicosus agg.). 
In spite of these changes, and the unusual time of year, pupae were successfully 
obtained. 

Here, however, the two series diverged in behaviour. The control pupss 
remained undeveloped until March; the treated lot, on the contrary, began to 
emerge on December 6, and by December 19 three females, including two types 
and one melanic specimen, were in the cages. The experiments had thus once 
more ended in success. 

As no males of any form synchronised in appearance with the first melanic 
female, it proved useless as far as heredity tests were concerned. In January, 
however, a second melanic female was bred and, very fortunately, mated with 
a precocious typical male of Sussex origin. From this crossing, imagines were 
in duo course reared and are listed in Table III as family o. 

Here it is well to emphasise that up to this time the whole of the insects bred 
in the treated family T^ had resembled the summer generation jttUaria. Subset 
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queutly the brood straggled out uatil well into April, during the whole of 
which period the moths emerging, whether types or melanic,* were of the spring 
form. 

In all, four melanics (three females and one male) were secured, but, in addition, 
there were four curiously marked mosaics, including two females and two 
males. One of these males is radially streaked on the left forewing and right 
hindwing with a deep blackish purple pigment, whilst a second bears a similar 
decoration on the left, hindwing as well as on the same two wings. The two 
females carry their additional markings on much more limited areas and only 
on one wing—^the left hindwing. However, the depth of coloration, in both 
instances, is so great as to appear quite black by contrast with the pale ground 
colour of the rest of the wing. 

The better marked female specimen bears radial marks on the anal two- 
thirds of the wing, with the streaks so close together towards the margin 
outwardly as to give the impression of blotches rather than of streaks. The 
fourth insect, which was not at first recognised as a mosaic, bears two narrow 
wedges near the anal angle, the inner one being 1 mm. in length and the outer 
one 3 mm. In addition, at the end of vein 5 can be discerned a small black spot. 

Eeturning now to the history of the broods, the controls have been con¬ 
tinued, and with the same number of broods in the cages at any given time as 
before imtil the present time, with the result that four additional generations 
and, therefore, 12 further broods have been reared. Never at any time, as 
Table I indicates, has there been any deviation from the normal composition 
of the broods, types and only types appearing. 

Owing to the prolonged periods of eclosion of the treated brood, only one 
pairing of its types inter se was possible. This, in due course, gave rise to larvee 
likewise subjected to treatment with food sprayed with majiganese chloride in 
1 per cent, solution. Imagines were secured in April, and these included a huge 
preponderance of melanics; indeed, of a batch comprising 29 individuals (14 
females and 16 males), only four moths (two females and two males) were typical. 
These types were so far apart in time of appearance that further pairings 
within the limits of the treated strain proved impossible. 

As with the one of the melanics in the parent brood, two of the melanics in 
this brood (T 5 ) were outorossed with types; in one case a type from control 
batch C 12 was introduced and in the other an unrelated Saxon male. The two 
Fj lots so obtained are those labelled family c and family b respectively. 

To describe the further experiments designed to test the inheritance of the 
* Exactly as in the case of the types the melanics are seasonally dimorphic. 
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induced melanism would be tedious and confusing, and, moreover, quite un¬ 
necessary. The observations have therefore been thrown into the form of 
Tables III, IV, V, VI, VII and VIII. 


Table I.—Control Broods. 


Family. 


Origin of family. 

Females. 


Facies of imagines. 

Wild origin 

28 

23 

Typical gen. aest. 
jvliaria 

J f ft 

C ¥ X c j 

63 

58 

c $ X 0 s 

61 

49 


C $ X C g 

41 

67 


Cl ? X C, g 

48 

36 

tf ff 

C, ¥ X C, g 

63 

51 

f* 9 « 

Cg V (T 

64 

56 

9f ff 

C4 $ X C| d* 

38 

29 

>» »» 

c, ? X c, g 

36 

51 

», f* 

c, 9 X Cl g 

42 

48 


Oj 9 X Cg ^ 

46 

1 49 

Typical gen. vern. 

9 9 

0, ¥ X e 

26 

29 

Og ¥ X C/7 df 

' 33 

' 38 

99 $9 

C,g ¥ 6 

66 

1 

72 

Typical gen, atAt, 
julmria 

Cjj ¥ X C|j 

1 66 

63 

*t #» 

C|g ¥ X Ojj ^ 

38 

29 

t» ff 

¥ X dT 

1 37 

55 

tf »» 

(./l* ¥ X Cia ^ 

1 49 

56 


^15 ¥ X (^5 c? 

1 31 

33 

*♦ 

Cjg ¥ X C|g $ 

47 

48 

»» »» 

(Ji7 ¥ X C 17 

48 

42 

»» ,» 

C18 ¥ X C,g 

1 39 

34 

>» »» 

Totals. 

972 

1006 



principal peiiod 
of omergence. 


^September, 

.February to 

April. 


8opt«mber to II "J 
^ October. 

JM A 


Table II.—^Treated Broods. 
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Table III.— Homoz7gouB Type x Homozygous MeUnse. 
TT X «. 


Family. 

Origin of family. 

Type*. 

Kelaniot. 

[ Fomalefl. 

Malei. 

Femalea. 

Maleft. 

a 

1 Melanio Tg $ x type Sussex ^ . 

31 

37 



h 

Melanie Tg ? x type Saxon $ . 

45 

34 

— 

.. — 

c 

Cg, ? X melanic Tg ^ . 

38 

42 


— 

n 

rf 9 X C|| . 

63 

54 


— 

0 

Cij 9 X e.. 

49 

61 

—. 

— 

P 

Cu ? X J . 

43 

49 

— 



Actually reared... 

636 


(> 


Expect^ ... 

536 

1 

D 


Table IV.—^Heterozygous Type X Homozygous Black. 
T< X «. 


Family. 

1 

1 

Origin of family. 

Types. 

Melanies. 

Females. 

Males. 

Females. 

Males. 

/ 

ft $ X black <y €x ET.** . 

24 

23 

21 

29 

g 

ft ? X black ^ tx EL . 

29 

27 

20 

23 

k 

b d i .«. 1 

19 

19 

17 

18 

1 

d V X 6 d . 

16 

18 

14 

23^ 

m 

d ^ X b g .1 

28 

24 

19 

27 


Actual result. 

227 

211 


Theoretical result. 

219 

219 


* “ EL ” indicate* that the insect so designated is a difect descendant of the family 26 EL of 
the 1926 paper. 


Table Y.—^Heterozygous Type X Heterozygous Type. 
Tf X Tf. 


Family. 

1 

Origin of family. 

Types. 

Melanies. 

Females. 

Males. 

Females. 

Males. 

d 

ft $ X a J .. 

36 

38 

15 

12 

e 

ft $ X ft (J* . 

8 

6 

3 

2 

g 

6 9 X 6 <y . 

28 

28 

8 

11 

r 

0 9 X c ^ . 

31 

32 

9 

9 

4 

69 X e d . 

17 

12 

6 

3 

V 

r 9 X r d . 

1 

0 

2 

3 

w 

9 X n ^ . 

19 

23 

4 

7 

X 

» 9 X » <? . 

28 

30 

0 

10 

F 

19 X » i . 

35 

42 

12 

16 

f 

d9 xd s . 

32 

26 

14 

12 


Actual result. 

476 


167 



! Theoretical result. 

i 

482-26 

160*76 


VOL. on.—B. 2 c 














































844 


J. W. H. Harrison. 


Table VI.—^Homozygous Black x Homozygoua Black. 

U X tt. 


Family, 

Origin of family. 

Type*. 

Mclanios. 

Females. 

Males. 

Females. 

Males. 

t 

d ^ X black (J eaj EL . 

_ 

__ 

26 

23 

u 

d ^ X block ^ exKL . 

_ 

— 

42 

47 

A i 

block ^ ex EL X ? . 

— 

— 

18 

29 

B 1 

d 9 X black (7 ex EL . 


— 

22 

28 

» 1 

d ^ X d S . 

— 


8 

4 


Actual result. 

0 

246 


Theoretical result. 

0 

246 


Table VII.—^Homozygous Type X Heterozygous Type. 
TT X T<. 


Family. 

Origin of family. 

Types. 

Melanies. 

Females. 

Males. 

Females. 1 

Males. 

k 

Surrey ^ x a S . 

17 

20 

— ] 

_ 

i 

a ? X Surrey . 

43 

48 

— 

— 

j 

a 9 X Surrey ^ . 

31 

36 

— 

— . 


6 V X Surrey <? . 

19 

27 

— 


b' 

Surrey ? x 6.:. 

28 

34 

— , 

'— 


Actual result. 

303 

0 


Theoretical result. 

303 

0 


Table VHI.—Eithpr Extracted Homozygous Type X Heterozygous T)rpe or 
Extracted Homozygous Type x Extracted Homozygous Type. 

TT X T< or TT x TT. 


i 

Family. 

i 

Origin of family. 

Type*. 

Melanies, 

Females. 

Hales. 

Females. 

Malee. 

K 

d 9 X d 3 . 

42 

48 

1 

_ 

P 

4 ^ X d i . 

37 

39 


. , 

G 

d 9 xd 3 . 

38 

61 

_ j 

— 1 



Actual result... 

266 j 


[> 


Theoretical result. 

266 


9 
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From these every essential fact may be determined, and the whole of the 
evidence they afford amply confirms the deduction from the earlier researches, 
that the melanism developed in Selenia bilmiaria is inherited on a Mendeliau 
basis as a simple recessive. 

A few remarks must now be introduced in connection with the mosaics. 
Naturally, it was of extreme importance that their germinal condition should 
be tested. To do this the most strikingly marked male was mated with a 
type Surrey female, as a result of which an brood of 49 typical insects {20 
females and 29 males) was reared. Of these, six couples were placed together 
in a pairing cage, and about 850 fertile eggs secured, from which a random 
selection of 100 was made to procure the Fg lot. These gave rise to 78 moths 
(36 females and 42 males) which again were all t)rpical in appearance. Clearly, 
enough pairs were taken to make it practically certain that at least one of the 
matings should be type heterozygous female x heterozygous male, had the 
mosaic parent been the unusual expression of a heterozygous insect. Hence, 
in the absence of melanics in the mixed Fg lot, one seems compelled to assume 
that the mosaics arose as the result of a fairly early localised induction restricted 
to the soma. 

I need hardly mention that, during the whole of the investigations dealing 
with the inheritance of the melanism, the larvee were uniformly supplied with 
pure food. 

111. -Concltiding Remarks. 

Very little comment seems necessary in connection with the above results. 
For a third time, by suitable treatment, melanism has been induced in a strain 
of Sehnia bilumria, known to be quite free from inherited melanism, not only 
from the evidence of a large number of consecxitive control generations but also 
from the fact that it was brought from an area in which fhat insect is quite 
typical. Moreover, this area in Eastern Saxony is far removed from Sussex 
which provided the material used in the former work. 

Further, additional breeding operations, undertaken with the induced 
melanism, have proved definitely that the matter is not one of a mere somatic 
induction, but that the melanism has, so to speak, been registered in the germ 
plasm; without doubt the melanism is inherited as a Mcndelian recessive. 

No claims are made here or elsewhere that we are coixeemed with a Lamarckian 
effect. Coupling the work described above with that discussed in the 1926 
paper (Harrison and Garrett), it is almost certain that the result has been 
produced by the direct action on the germ plasm of the metallic compound 
administered with the food. This, as I have already pointed out (Harrison, 

2 0 2 
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1927 a, Harrison, 1927 6), affords a new principle in evolution and would 
suffice to account for evolutionary progress in a variety of forms, both animal 
and plant, in Nature and in the hands of man. 

When the earlier results were announced a statement was made that melanic 
forms, such as had been developed, had not been captured, or observed, wild. 
Shortly after the publication of the paper, Cockayne announced to me in a letter, 
and later (Cockayne, 1927) published a note to the effect, that melanic specimens 
of Sdenia Ulumria, similar to those obtained experimentally, had been reared 
from a wild female taken in the West Biding of Yorkshire—notoriously a district 
in which melanism of the so-called industrial kind seems most prevalent. 

In view of the possibility of criticism in this direction, it should be made clear 
that the present work is not regarded as solving the problems of industrial 
melanism, although it is claimed that some light has been thrown on the matter. 
This seems the more certain when it is made known that a member of the staff 
of Leeds University informed me recently that the stones in many of the streams 
near Leeds, where melanism prevails, were covered with a thin coating of a mud 
composed of manganese compounds. 

Only one point remains for treatment, and that is to determine to what extent 
an answer has been obtained to the question originally propounded when the 
work commenced:—Is the responsible agent in the induction the manganese 
or the acid radical ? At first sight the answer seems to be the perfectly obvious 
one that, since the manganese remained constant in the two experiments whilst 
the acid radical varied, the metal is the inciting agent. Nevertheless, the 
possibility suggested by Poulton, that the phenomenon may be one of “ shook,*' 
capable of being brought about by many agents, must not lightly be cast aside. 

• IV,- Nummary. 

1 . By administering food containing manganese chloride to a strain of 
Sdenia Munaria, known by the use of adequate controls to be free from 
heritable melanism, melanic insects have been developed. 

2 . This melanism has been proved to be inherited os a Mendelian recessive. 

3. Certain mosaics were obtained in the critical treated brood but these^ 
from experimental tests, seem to represent cases of induction restricted to 
limited areas in the soma, the germ plasm being apparently unaffected. 

4. The effect is not of the Lamarckian type, but rather illustrates a new 
evolutionary principle, that heritable variations may be induced by means of 
the food supplied* 

5. Although other explanations are not absolutely excluded, the experimenibs 
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iadicftto that the metal is the active ageat in bringing about the observed 
effect* 

I should like to acknowledge h<^re the receipt of a grant of £15 in aid of this 
and other researches from the British Association. 
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Indmed Changes in the Pigmntaiion oj the Pu/pw of the Batter fly 
Pieris napi X., m\d their Inheritance, 

By J. W. IlEShop Hakrison, D.8c. 

((communicated by E. W. MacBridc', F.R.S.—Received November 18, 1927.) 

\,--I}Uriduciory~--Matcrial8^ Method,^ etc, ^ 

It has, of course, long been known that the pigmentation of the pupeo of the 
two lepidopterous species, Pieris braMiom L. and P, rapw L. (Poulton, 1887), 
is influenced by the colour of the light to which the larvae from which they are 
developed are exposed just before pupation. In particular, if the larvaa are 
jfllowed to pupate in orange light, a heavy percentage of the pupeo obtained is 
of a br%ht green colour. This coloration, however, simply depends upon the 
fact that the formation of the various pigments, white and black, in the chitin 
of the pqpd integument is more or less inhibited by orange light. As a conse 
quenee, the colour perceived in pupee so affected is that of the hwmolymph 
within, and hence the chrysalids appear* green. 

* AaidogoiMi but not th« same effects are brought about when the larva pupate under 
Uil0 and atW glaem 
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Recently, in addition to confirming these earlier observations, Diirken (1923) 
and Brecher (1923) have bred from butterflies reared from the treated larvse 
and pup®. The larv® descended from the orange glass cultures, even when 
pupating under ordinary light conditions, gave rise to a set of pup® including 
many more green individuals than the control lots. Clearly, therefore, the 
acquired pupal green had been inherited. In view of current biological con¬ 
troversies, such an effect was of primary importance. Repetition and con¬ 
firmation of the work were highly desirable, and the present work was therefore 
undertaken. 

Recognising that it was preferable to test the matter with other species, I 
determined to avail myself throughout the work of Pieris napi, a species related 
(though not so closely as the use of a common generic name would imply) to 

brassiew. An additional gain secured by the use of the related species was 
the accumulation of facts in respect to its reaction, at the critical moment before 
pupation, towards coloured light. 

The cages provided for the pupating larva? were specially built, of size 12 
inches x 12 inches x 9 inches, glazed on the four sides and the top. Further, 
they were designed to be as nearly as possible air-tight, and illuminated there- 
ore solely by the light transmitted by the glass. Of such cages nine were 
constructed, but, in the end, only four were brought into use. 

After very careful tests, the glass in the cage intended to subject the larv® 
to orange light was deemed to transmit too m\ieh blue. To cut this out, the 
glass was painted outside with a strong solution of a yellow dye, with a decided 
tendency to orange, but of unknown chemical composition. This solution was 
rendered more adhesive* by the addition of large quantities of sugar. Similarly, 
the floor and wood^^ork of th(‘ cage inside were painted with an aqueous solution 
of the same dye. 

Since these cages were air-tight, my original intention was to utilise them for 
pupation purposes only, and to transfer the larv® to them towards the end of 
the last instar. Direct experiment, however, proved that larv® were quite 
tolerant of the conditions within, and they were subsequently used as breeding 
cages. As they were obviously too large for newly hatched larv®, the leaves 
bearing ova were always placed with a supply of food-plant in 3^-inch glass- 
topped tin boxes, which were in turn placed within the cages. From these the 
larv®, as soon as they reached the fourth instar, were allowed to wander, to 
reach cut portions of the food-plant standing in water. 

Hence, although prolonged exposure to the experimental light was known to 
be quite unnecessary, from the moment the larv® hatched to the tfrnc tlm 
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iioagiiXBs eme^^d, the insectB were subjected to the influence of the coloured 
light chosen. Moreover, as the period for pupation approached, except in the 
case of the control cages fitted with colourless glass, new food supplies were 
given, and the cages cleaned out, in a photographic dark-room lit by a dim ruby 
light. One further precaution taken must be mentioned, and that is that, 
to secure even illumination, the cages were kept standing out of doors, when¬ 
ever the weather permitted, in bright diffused light and on sheets of white 
paper. 

l^hese cages, even those provided with ordinary window glass, are of no 
value for pairing the insects. Butterflies are in any case much more difficult 
to mate than moths, and, to secure the best results, bright sunshine and a free 
current of air are essential. Thus, for pairing purposes, special cages had to be 
made. Twelve lengths of wood, 1 inch square in cross-section and 16 inches 
long, were nailed together, so as to form a cubical framework, which, except on 
one face, was covered with fairly stiff “ book ” muslin. This muslin was 
secured by glueing it down wherever it touched the wood. 

A flat board was next taken on which was placed a jar containing the food- 
plant. The cage was then put over it and the insects inserted, and all taken 
out of doors into the sunshine. Under such conditions P. napi pairs readily 
and lays its eggs freely ; no difficulties,* such as Dilrken reports for P. hrassim, 
being encountered in connection with either operation. The only further 
precaution to be observed is to spray the muslin and the food-plant occasion¬ 
ally with water, or, if it is preferred, to insert regular supplies of newly 
expanded dandelion flowers. 

A word of warning is necessary in the matter of a suitable food-plant. In 
my researches, although I recognised that the normal food-plants of P. mjri 
in nature are watercress {Nasturtium offifyimle) and cuckoo flower (Cardawiws 
praimsis)^ I elected to use charlock {Brassica arvensis). This the larvae accepted 
with avidity. Not only was this so, but, in addition, they developed speedily 
and well. Only when I came to secure ova from their progeny were its defects 
revealed, for I discovered that under its influence the insect becomes barren, 
the actual number of eggs laid diminishing enormously as well as their fertility. 
Gffiould I repeat the experiments, in the absence of abundant supplies of water- 


* Ovipoeitkm will proceed with this species, should dull weather intervene, quite satis- 
laotocPy iffhm the cages are exposed toeleotiio light or inosndeeoentgas fight. For all of 
these reaecms P. napi is reoommmided to future woricers desinng to employ a In^terfly for 
eapttKmiltal waik ieitky equal it in suoh respects. 
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«tmB or cuckoo flower, I shall certainly avail myself of garden miginoMOtte* 
(Seaeda odorata) which the species chooses when it deserts its favoured swamps 
and damp meadows for gardens. 

II.— The Expmments. 

To commence the work six wild females of Pieris mjn yrete received from 
Stewartstown, Co. Tyrone, Ireland, but these, arriving after prolonged delay, 
during the General Strike of 1926, were so exhausted that instead of isolating 
them in separate cages I had simply to feed them and transfer them to one large 
cage for oviposition. Thus, the eggs secured represent the mixed batches 
from six females. 

In all, 255 ova were deposited and divided into three equal lots. One of these 
was reared in the cage (cage C), provided with ordinary window glass to searve 
as a control, whilst the second and third were placed under blue (cage B) and 
orange (cage 0) glass, respectively. Of these three sets, that under the blue 
glass gave rise to the greatest number of pupse, 73 in all being obtained. Under 
the orange glass 46 were reared whilst the control provided 43. 

Classified according to pigmentation the pupse gave the following results;— 

(A) The controls—cage C. 

(а) 34 waxy white in the ground colour, but with their angulations vaxy* 
ing in depth of pigmentation from that represented for Pieria rtapm 
on Poulton’s plate 26 in fig. STf to that shown on fig. 32. These 
two varied in the amount of grey shading on the wing cases. 

(б) 5 were greenish but intermediate between figs. 39 and 40, wlulst 

the pigment on the angles varied as with the whiter ones. 

(c) 4, except that they displayed a slight blackening on the angles, were 
like fig. 4*1. 

gQBiming classes (b) and (o) together the percentage of green pupse amounts 
to '20* 9, although the diflerence in depth of coloration between the two classes 
(h) «nd (e) dmuld be noted. 

(B) Under orange glass—cage 0. 

(a) 1 nearly pure white. 

(h) 1 Uke the P. rapw represented by fig. 39. 

(e) 1 pinkish and resembling fig. 37. 

4S dew green with the angles only slighdy pigmented. 

* <On the Bfe ooeet I hwre ionnd msay wild etdeWes attMliai to Meaaiainlaa aad 

M, kdtcku 

t aAe m iiaw w ei to the flgpws small to idwie of P.npmm Pooltoo’s (M87} flake 
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In thin caw the pearoentage of green examples attains the high level of 93*4, 

(C) Under blue glass—cage B. 

(a) 12 similar to fig. 32. 

(b) 19 like fig. 33. 

(c) 24 distributed amongst figs. 34, 36, 36, and 37. 

{d) 2 whitish. 

(c) 14 green but heavily marked with black as in fig. 32. 

(/) 2 green but a little more heavily marked than fig, 40. 

Here, adding the strongly pigmented greens of class (d) to those in (/), the 
percentage of green pupse is 21 *9—a figure exceedingly close to that revealed 
for the controls. 

At this stage, chiefly for lack of cage spacer, the cultures from the blue glass 
cage were discarded. On the other hand, the whole of the insects emerging in 
the control cage were placed in a pairing cage, and ova obtained, a similar 
course being pursued, after the removal of the non-green pupae, with those 
coming out under orange light. The controls were reared as before to yield 
pupee, not differing significantly in the proportions assigned to the various 
colour classes, from the previous lot. Similarly, the progeny of the orange 
glass cultures, once more reared under orange glass, gave rise to an enormous 
preponderance of green pupae, 96 • 2 per cent, being of that colour. 

Here the control strain was abandoned but the work was continued with the 
orange glass series after the elimination of the non-green pupae. The resulting 
imagines were successfully mated; however, iiistead of reayng their progeny 
under orange glass, they were placed in the control cage, where in the end, 
when allowed to pupate in ordinary daylight, they yielded 31 pupae—all green. 
This striking result was wholly unexpected for, if due weight was to be attached 
to the cultures preceding it, the appearance of a small number of pupae of 
different pigmentation was to be anticipated. 

The butterflies bred from these seemed to break into two batches—one of 
immediate, and the other of delayed, emergence. The earlier batch, already 
e^biting diminkdied fertility, nevertheless j^vided enotigh ova to continue 
the e3q>eriment for a further generation. This, to make the tests as searching 
en 14etermiiied to rear apid tp pupate in a c^e offering as varied a 

sslsctkm of for pupation as possible. 
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An account of the colours, with other necessary details concerning the papci» 
is appended. 

(1) On red tile. 

(a) 1 white dark marked. 

(2) On glass. 

(a) 1 very dark (Poulton, fig, 33). 

(b) 7 green (fig. 40). 

(c) 4 light green (fig. 39). 

(3) On perforated zinc. 

(a) 1 blackish (fig. 32). 

{b) 2 greyish (fig. 35). 

(4) On top, mottled grey and white. 

(a) 4 whitish. 

(b) 5 marking less white. 

(c) 6 ranging between Poulton’s figs. 33 and 36. 

{d) 14 green. 

'(5) Loose on bottom. 

(а) 4 green. 

(б) 1 greyish. 

In this instance the percentage of green pupae was 58. 

When the latter part of the batch which provided the culture just described 
<jame out,*^ it likewise yielded a supply of ova far inferior, both in actual numbers 
.and fertility, to those from wild females. Still, I was able to obtain 40 larvae. 
These, instead of being reared in cages such as were employed previously, were 
placed in one exactly like cage C, except that the glass was painted black. Thus, 
the larvsB were reared wholly in the dark, under which treatment they yielded 
21 pupae, 26 green and 1 greyish, or a percentage of 96 * 4 green pupae. 

Taking due cognisance of the conditions of this brood and of the two just 
discussed, there can be no doubt but that the green pupal colour, induced by the 
inhibition of pigment by the use of orange light, is inherited, no maUer haw* 

* At this stage 1 reared another wild brood oi P. napi oi Scottish (Fife) origin in a cage 
^similar to cage C. This produced 46 non-green and 12 green pup»-*or 21 per oent. of 
green examplea. This is almost exactly the same figure as in the case of the irild Irish 
•ones and oonfinns, not only the actual numerical results, but also the obeervatioii that, in 
the case of P. nopt, the normal figure for green pupis is distinctly greater than in P. hrMefstf 
*or P. mpce. 
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In other worde, ample confirmation has been obtained of DUrken*s and of 
Brechex’s work. 

An attempt was made to proceed further with the work, but, after saorifioing 
the whole of the imagines obtained in the last batch bxit one, only six fertile 
ova were depoait^jd, and the investigation thereby compulsorily brought to a 
close. 


III.— Summary. 

1 . The pupae of Pieris napi, when developed from larvae exposed at the 
critical time to lights of different colours, are influenced in their pigmentation 
like those of their congeners Pieris brassicce and P. rap®. 

2. As Darken and Brecher found in the case of P, brasfncm the green pupal 
colour, acquired under the influence of orange light, is inherited. 

3. The work of those two investigators is therefore confirmed. 
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General iMrodurMon, 

Of the many problems in medicine which still await solution none are of 
more importance than those connected with the group of diseases now recognised 
as due to ultra-microscopic vinises. While the study of bacteria! diseases has 
made continuous progress, our knowledge of infections due to ultra-microscopic 
viruses has remained relatively stationary, as a result of the difficulty in deter¬ 
mining the presence^of these vinises apart from experiments on the living animal 
and of the impossibility of cultivating them on artificial media. 

At the present time it is obvious that fundamental advances can only be made 
by intensive studies of the more easily accessible viruses, and in the investiga¬ 
tions here detailed attention has therefore been concentrated on the virus of 
fowl-pox, or epithelioma contagiosum, and the virus of vaccinia. The virus 
of fowl-pox has certain special advantages for an intensive study, in that it 
occurs in various species of domestic birds, it is filterable, and in addition it 
belongs to that great group of ultra-microscopic organisms which comprises 
not only the virus of vaccinia but those also of variola, sheep-, goat- and horse- 
pox. The relationship between the members of this group has been a subject 
of continued interest since Jenner (1798) described in his classical experiments 
the protective capacity of the virus of cow-pox against that of variola. 
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The main object of the present research has therefore been to determine the 
relation between fowl-pox and vaccinia, though before that problem could 
be attacked it was necessary to have some clear idm of the relationship between 
the various strains of the fowl-pox virus itself. 

Material. 

Three strains of fowl-pox virus were available for the present investigations* 

Strain A was derived from a spontaneous epidemic occurring in hens on a 
poultry farm near St. Albans, Hertfordshire. 

Strain B was obtained, through the kindness of Dr. R. A. O’Brien, from the 
Wellcome Physiological Laboratories, Beckenham, Kent. 

Strain C was forwarded from Florence by Dr. Lusona, to whom our thanks are 
due. This strain was obtained from an epidemic in pigeons and was that 
originally used by van Heelsbergen (1920) in Holland. 

A spe<jimon of a partridge Perdrix cimrm suffering from the disease was 
also sent to us by the kindness of Dr. S. P. Bedson of the London Hospital. 
Unfortunately this strain failed to infect either pigeons or hens. 

A supply of raw calf lymph was obtained through the kindness of Dr. Green 
of the Lister Institute Lymph Establishment, Maraxion, Cornwall The experi¬ 
mental animals used were hens, pigeons, ducks, rabbits, rats and calves. For 
the routine transmission under laboratory conditions of the virus of fowl-pox, 
chickens and pigeons were used, while for the vims of vaccinia, chickens and rats 
were employed. 

Chickens, from one day to a week old, wore found to be much more uniformly 
susceptible than older hens to the viruses of both vaccinia and fowl-pox, and 
were therefore used throughout the experiments. 

To obtain material for routine transmission either from fbwl-pox or vaccinia 
in the chick the epidermal lesions were removed 10 days after inoculation, 
ground to a powder in a mortar, weighed and diluted with 10 parts of 
physiological saline solution. The suspension was then centrifuged to throw 
down gross particles and the supernatant liquid pipetted off. Further dilu¬ 
tions were made as required. In inoculating chicks and pigeons the feathers 
were plucked from the sides of the head above the eyes and a given quantity, 
usually 0*05 c.c., of the required dilution of the virus was applied to the bare 
akin. 

In the case of the rat with vaccinia the cornea was lightly scarified with a 
fine needle and a dilution of the vaccinia virus in saline applied to the scarified 
surface. The virus was passaged to new animals every six days. 
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Fowl-pox—The Natural and Expetimeifilal Diseases, 

In order to clarify much of what follows a very brief account will be given 
of the clinical and main pathological features of the disease. 

Powl-pox, or as it is frequently called roup or epithelioma contagiosum, is 
an acute infectious disease occurring commonly in epidemic form among domestic 
birds, such as hens and pigeons, and more rarely among turkeys and ducks. 
Epidemics have also been described in wood pigeons, partridges and sparrows. 
The lesions are generally found on those portions of the head which are destitute 
of feathers, except in very severe cases, when any portion of the skin, feathered 
or unfeathered, may bo attacked. The conjunctiva, the tongue and the mucous 
membranes of the mouth and pharynx may also be the site of lesions. In the 
latter situation a false membrane may be formed, constituting the so-called 
avian diphtheria, which is now recognised to be identical with fowl-pox. At 
first the skin lesions appear as small smooth yellowish tumours, which rapidly 
increase in size, become brown in colomr and, if the bird lives, eventually dry 
up and fall off as crusts without leaving a cicatrix. There are no characteristic 
changes in the internal organa, 

The disease may be experimentally produced by rubbing some of the infective 
material into a portion of skin from which the feathers have been plucked, or 
which has been lightly scarified with a fine needle. Two days after inoculation 
the scarified area is seen to be a little swollen and slightly yellow in colour. 
The swelling rapidly increases and within four days the area is the site of a small 
tumour-like growth. 

After intravenous injection of a suspension of the virus the lesions appear 
at the sites of election—the comb, nostrils, corner of the beak, eye-Uds or 
orifices of the ears-^after an incubation period of from one to two weeks. 

If at the time of injection the feathers are plucked from any area of the body 
an intensive lesion will develop at this point, a phenomenon similar to that 
described by Calmette and Gufoin (1901) in the rabbit after intravenous 
injection of vaccinia virus. 

The main histological features have been recently described by Ledingham 
(1924) axul consist during the first 24 hours of intense congestion in and swelling 
of the endothelial ceils of the capillaries in the dermis, an exudation of poly¬ 
morphonuclear leucocytes, and active proliferation of the adventitial cells. At 
the end of 48 hours, in addition to the dermal reaction, active mitosis in the 
epidermal cells is noticeable, while many of these cells contain the earliest 
stages of the virus bodies. 
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Vaociida vims when inoculated into the skin or comb of the adult fowl 
produces only small discrete papules, but in the skin of the young chick there 
are largo yellowish growths which are indistinguishable from those due to the 
virus of fowl-pox. The greater susceptibility of the young chick to vaccinia 
vims has also been recently noted by Andervont (1927). In our experiments 
the incubation period of vaccinia in the chick was always from 8 to 10 days. 
The histological picture was identical with that of fowl-pox. 

The Galmetie-Guirin Phenomenon, 

As previously noted intravenous inoculation of the fowl-pox vims in a 
chidken and removal of the feathers from any area of the body is followed 7 to 
14 days later by the appearance of a lesion at the site of removal of the feathers. 
A further analysis of this phenomenon, first described by Calmette and Guerin 
(1901) in the case of vaccinia virus in the rabbit, throws light on the fate of the 
virus after intravenous inoculation. 

The following experiments were therefore carried out. 0»6 c.c. of a 1 in 10 
dilution of the vims was injected into the wing vein of a numl)er of chickens, 
the feathers having been plucked from the right side of the breast. These 
chickens were bled at varying intervals after the injection, and the infectivity 
of the blood tested on other chicks. It was found that the vims had disappeared 
from the blood stream 6 to 8 hours after injection. Thereafter the blood 
remained sterile until the eighth or tenth day, when, with the definite appear¬ 
ance of a lesion at the site of injury, the blood and the internal organs became 
infective and remained so until the twenty-fifth to thirtieth day after the 
initial inoculation. If during the period that the virus was present in the 
blood stream feathers were plucked from another area of the body a fresh 
lesion appeared at this site after an incubation period of froSa 2 to 4 days. It 
seems obvious therefore that the re-infection of the blood stream is due to the 
multi|dication of the virus in the epidermal cells of the lesion, since there is no 
evidence that the blood, in vitro at least, is in any way a suitable medium for 
the multiplication of the virus. 

The work of Ledingham (1927) has emphasised the importance of the reticulo- 
^otihelial system in infections with the vims of vaccinia. Ledingham showed 
that if an area of akin were injected intradermally with an India ink suspension 
prior to incubation with the vaccinia virus the vaccinia lesion either failed to 
develop or was very small. Similar results were obtained in the present experi¬ 
ments with the fowLpox vims in chickens and paeons. 

Areas of skin on both sides of the head of a pigeon were plucked; the area on 
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the left side of the hend was inoculated iutradermally with a 8U8|)»enmon of 
India ink in saline, the control area on the right side of the head being inocu¬ 
lated with saline only. Four hours later the bird was inoculated iirtri^notnJy 
with 0*5 c.o. of a 1 in 10 suspension of fowl-pox virus. No lesion developed on 
the left side of the head, while a typical lesion developed on the right side. 

In a second experiment the intravenous inoculation of the vims preceded by 
8 hours the injection of the skin of the head with India itdc suspension, bi 
this case the lesion on the left side of the head was only slightly smaller than 
that on the right side. 

In a further experiment two pigeons received three intravenous inoculations 
of India ink suspension 4 days, 2 days and 1 day before the removal of feathers 
from the right side of the head and the intravenous injection of the fowl-pox 
virus. One pigeon showed no lesions and 4 weeks later was not immune to the 
action of the fowl-pox virus. The second bird 21 days after the inoculation 
showed a tiny lesion on the upper eye-lid of the right eye. In these two pigeons 
the blood was tested for infectivity at varying times after injection. The virus 
was found to be present in the blood stream as long as 36 hours after injection. 

The result of these experiments therefore goes to prove that following intra¬ 
venous inoculation of the virus, the reticulo-endothelial system removes the 
virus from the blood stream, since in birds in which the reticulo-endothslid 
cells are blockaded with India ink the virus remains in the blood stream 
longer than normally and eventually disappears without infecting the epidermafl 
cells. 

The question however still remains as to the reasons why, after intravenous 
injection of the virus, the lesion should appear at the site of injury. Levaditi 
(1922), in dealing with the Calmette-6u4ria phenomenon, has made the sug¬ 
gestion that the \4rus only enters the epidermal cells when they are undergoii^ 
mitosis. Since the actual entry of the virus into the epidermal cell cannot be 
seen under the microscope it is not easy to deny this possibility. The follow¬ 
ing considerations and experiments however render Levaditi's exjdanarion 
unlikely. Hance (1927) has shown that after shaving the hair of the mouse the 
cells in the hair follicles do not begin to undergo mitosis until 48 hours after 
the injury, the maximum number of mitoses being found 8 to 12 da 3 ns after the 
depilation. So far as our observations on chick skin go, there appears to be a 
similar interval after plucking before mitosis begixis in the epidermal cells. U 
Levaditi’a theory is correct inoculation of the virus 8 to 12 days after plu6kh% 
should give a rapidly growing, massive reaction at the site of injury, since the 
actively dividing epidermal cells should be peculiarly liable to infection the 



Viruses of Fowl^Pox and Vaccinia. 


859 


virus. Intravenous inoculation of the virus 8 days after plucking is not, 
however, followed by any lesions at the site of the injury ; inoculation of the 
virus 4 days after plucking produces a small lesion, while intravenous inoculation 
of the virus 2 hours after plucking, when as yet there is no mitosis of the epider¬ 
mal dells, produces a massive rapidly growing reaction. There is thus no 
evidence to confirm the suggestion that the cells of the epidermis when under¬ 
going mitosis are more liable to infection by the virus. The damage to the 
capillaries of the dermis, and the congestion of these vessels following the 
forcible removal of the feathers, would appear to be the main factors in causing 
the accumulation of the virus at the site of injury. 

The Potency of Fowl~pox and Vaccinia. 

Hens (Table I).—The virulence of the viruses of fowl-pox and vaccinia was 
tested by rubbing 0*25 c.c. of a given dilution of the virus into an area on the 
side of the head from which the feathers had been plucked. Strains A and B 
were active in dilutions of 1 in 100,000. Strain G, originally derived from the 
disease in a pigeon, could be transferred from the pigeon and passaged in the 
fowl. On first inoculating chicks with material from the pigeon the virus was 
found to be potent in dilutions up to 1 in 1000, but after repeated passages in 
the fowl it was found to be active in a dilution of 1 in 100,000, thus equalling 
the potency of strains A and B. 

All races of hens were found to be equally susceptible to the three strains, 
there being no such racial specificity as is noted with the virus of the Rous 
sarcoma, which shows a predilection for birds of the Plymouth Rock variety: 
When using high dilutions of the virus of fowl-pox it is not uncommon to find 
some variation not only in the susceptibility of different birds but even of 
different areas of skin of the same bird. • 


Table I.—The Potency of Fowl-pox and Vaccinia Viruses for the Hen. 





Pilutiona. 



1 in 10. 

1 in too. 

1 in 1000. 

1 iu 10,000. 

1 in lOU.OOO. 

Fowl-pox A . 

+ 


+ 


4- 

- » B . 

i 

+ 



4* 

» 0 . 

(on fiwt pamage from pigeon) 


+ 

+ 



(After frequent passage in hen) I 

4* 

+ 


+ 

4- 

Vaccinia.! 

-f 






2 » 


VOI*. ctl.—B. 


-h Btt reaction positive. — reaction negative. 
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Vaccinia virus, as contained in glycerinated calf lymph, produces in the akin 
of the chick only small yellowish papules which, though becoming pustular, 
generally remain discrete. Passage is only obtained with difficulty. If, 
however, the vaccinia virus is passaged to the chicken from lesions on the cornea 
of the rabbit or rat, a more vigorous, reaction is obtained, A raised yellowish 
growth then appears, which macroscopically is indistinguishable from the lesiozi 
produced by fowl-pox. Even after more than 20 passages have been made in 
the chicken with vaccinia virus it still retains its full potency for the skin and 
cornea of the rabbit and the cornea of the rat. The virus of vaccinia is only 
active for the skin of the chick in dilutions up to 1 in 100. 

Pigeons (Table II).—Fowl-pox strains A, B and vaccinia produced no lesions 
in the cells of the epidermis though there was always a slight reticulo-ondothelial 
reaction in the dermis. No reaction followed the intravenous injection of these 
viruses into the pigeon, nor did digestion of the suspension of the viruses with 
trypsin render them virulent for the pigeon. Strain C, however, was active 
in dilutions up to 1 in 100,000. After transfer to the fowl and subsequent 
passage in this bird there was found to be no loss of potency for the pigeon 
after 10 passages, but after 30 passages the virulence for the pigeon had fallen 
to 1 in 1000. Further transference in the chick, up to 72 passages, did not 
reduce the potency for the pigeon, while full infectivity for the pigeon was 
quickly regained after one or two passages in this bird. 


Table II. —Potency of Fowl-pox and Vaccinia Virus for the Pigeon. 


1 

Dilations. 

1 in 10. 

1 in 100. 

1 1 in 1000. 

1 

1 in 10,000. 

1 in 100,000. 

Fowl-pox A .. 

_ 

' 

—. 1 

— 

_ 

® . 

— 


— 

— 


,, C . 


+ 

”h 


+ 

(After so passages in the hen) 


-f- 


— 

— 

Vacoinia. 

— 


— 




4- =« peactioQ positive. — «« rBaetion negative. 


Dudbs.—Numerous attempts were made to infect young ducklings with tilke 
viruses of fowl-pox and vaccinia but without a single positive result. 

Rabbiia (Table III).—Fowl-pox strains A, B and C injected intradeemaUy into 
the rabbit or rubbed on a scarified area of skin produced siij^t reddening 
which lasted for from 2 to 3 days. When, however, the skin at the site of 
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inoculation was removed 5 days after injection and rubbed on tbe skin of the 
chick positive results were obtained in 2 out of 8 experiments, thus showing that 
the virus of fowl-pox could at least retain its activity in the skin of the rabbit 
for some considerable period. All attempts to passage the virus in the skin of 
the rabbit were unsuccessful though the experiment was carried out at different 
times with 22 rabbits. 

Vaccinia virus was potent for the skin of the rabbit in a dilution of 1 in 100,000. 
No diminution in virulence occurred after passage on the skin of the chick or 
cornea of the rat. 

Table III.—Potency of Fowl-pox and Vaccinia Virus for the Rabbit. 


Dilutions. 
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developed by the fourth day. Gordon (1926) has also found that by the fourth 
day the skin of the rabbit is partially imraune to vaccinia, while by the eighth 
day this immunity is complete when the immunising virus is injected sub¬ 
cutaneously. 

In order to determine the time at which immunity begins to appear in fowl- 
pox 16 chickens were rubbed with fowl-pox virus A on a wide area of skin at 
the back of the head and neck, from which the feathers had been removed. 
On the fourth, eighth, sixteenth and twentieth days four of the chicks were 
reinoculatcd on the skin of the side of the head with dilutions of the virus 1 in 
100, 1 in 1000, 1 in 10,000, 1 in 100,000. The results (Table IV) show that by 
the fourth day there is a certain degree of immunity, which is complete by the 
twentieth day. Cross immunity tests carried out in chicks with the three 
strains A, B and C (Table V) prove that in the chick each strain is capable of 
immunising against itself and against the other two strains. 

Table IV.—Development of Immunity against Reinoculatiou with Fowl-pox 

Virus. 

Hens inoculated with strain A; subsequently reinocuJated with dilutions of 

strain A. 


No, of da^ between 
inooulationH, 

Dilutions. 

1 in 100. 

1 in 1000. 

1 in 10,000. 

1 in 100,000. 

4 

1 

“H 

-4- 



S 

-h 1 

(+) 

— 


16 ! 

(+) 


— 


20 






^ ^ fowl-poil produced. (4>) slight reaction. — negative result. 

Table V.—Development of Immunity against Reiuoculation with Fowl-pox 

Virus. 

(a) Hens inoculated with strain A; subsequently inoculated with strain B. 


No, of day® between 
inoculations. 

Dilutions. 

1 in 100. 

1 in 1000. 

1 in 10,000. 

i 

1 in 100,000. 

4 

.4- j 

4“ 

(+) 

. 

8 

4* 

(+) 

(+) 


16 

+ 1 

(+) 

— 


20 

“ 





+ fowl-pox produced. (+) a® slight reaction. — negative rMult. 
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Table V—(contmued). 

(6) Hens inoculated with strain A ; subsequently inoculated with strain 0. 


No. of days between 
inocuIationi9. 

BUutions. 

1 in 100. 

1 in 1000. 

1 in 10,000, 

1 in 100.000. 

4 

-f- 

4' 

(+) 


8 


4" 


—- 

16 

+ 

(+) 



20 



— 

— 


4 fowl-pox produced. (-f) 1=0 nlight reaction. — ^ negative result. 


Similar results were obtained when strains B or C were used for the primary 
inoculation, immunity against both the homologous strain and the other two 
strains also being completely established by the twentieth day. 

In the case of the pigeon inoculated with strain C immunity against the same 
strain was apparent by the fourth day and was complete by the twentieth day. 

An attempt was made to determine whether any immunisation against 
strain C resulted in the pigeon from previous treatment with strains A or B. 
Five pigeons tvere scarified over a wide area of skin on the breast with strain 
A—no reaction characteristic of fowl-pox developed. At the same time they 
received intravenously 0*6 c.c. of a 1 in 10 dilution of strain B. Two subse¬ 
quent injections of 1 c.c. of the same dilution of strain A were given on the tenth 
and twentieth days. On the latter day the five pigeons were inoculated by 
scarification with falling dilutions of strain C—1 in 10 to 1 in 100,000 (Table 
VI). The control pigeons were all positive, but of the prepared pigeons those 
inoculated with dilutions of 1 in 10,000 and 1 in 100,000 were negative, thus 
showing that previous treatment with strains A and B was capable of producing 
a slight degree of immunity to strain C in the pigeon, whereas in the chick 
strains A and B are capable of completely immunising against strain C. 


Table VI.—The Potency of Strain 0 for Pigeons Immunised with Strains A 

and B. 


Dilutions of strain C. 

Controls. 

Immune pigeone. 

lin iO .' 


4* 

liulOO... 

4- 

4* 

1 in 1000 . 


4- 

1 in 10,000 . 

+ 


1 in 100,000 . 


*— 


4 - fowl-pox produood. — » negative result. 
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In order to test whether vaccinia virus could immunise against fowl-pox 16 
chicks were inoculated over a large area of skin on the breast with chick passage 
vaccinia virus. Twenty days later they were reinoculated on the akin with 
vaccinia virus and were all found to be completely immune to vaccinial infec¬ 
tion. They were then inoculated on the skin with dilutions 1 in 10 to 1 in 100,000 
of fowl-pox virus strains A, B and C. All the chicks were positive, as were 16 
control chickens inoculated with the same dilutions of strains A, B and C (Table 
VH). 


Table VII.—The Potency of Strains A, B and C for Chickens Immtmised with 

Vaccinia Virus. 


Dilutions of 
virus. 

Strain A. 

Strain B. 

strain C. 

Control. 

Immune. 

ContiH^l. 

Immune. 

Control. 

Immune. 

1 in 10 .i 

■f 

4- 

+ 

4- 

4- 

4- 

1 in 100. 

4- 

4- 

4- 

4" 

4‘ 

4- 

1 in 1000 . 

-f 

4' 


4" 

4 - 

+ 

1 in 10,000 . 


+ 1 

4- 

4- 

4* 

4- 

1 in 100,000 . 

4* 

4- 


4- 


4- 


vw fowl-pox produced. 


The rever8(i experiment was also performed. Five chicks were rubbed on 
the scarified skin with strain A. Twenty days later they were again rubbed 
with strain C and were found to be immune. Five days later they were rubbed 
with dilutions of chick passage vaccinia virus. All the chicks showed a positive 
reaction. There is thus no evidence from in vivo experiments to show that 
there is any cross iipmunity between the viruses of vaccinia and the three strains 
of fowl-pox employed. 

The Duration of Immunity to Fotvl-pox Virus. 

A few experiments were carried out to determine in fowls and pigeons the 
duration of immunity to fowl-pox. Fifteen chicks and 16 pigeons were scarified 
over a wide area of skin on the head and neck, the chickens with strain A, the 
pigeons with strain C. Twenty days later the birds were all reinooulated with 
the same viruses and found to be immune. Fifty, 100 and 150 days later the 
birds were again inoculated with fowl-pox virus A. The results are shown m 
Table VIIL 
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Table VUI. 


Dilution of 
viru» A, 


Chiokens, 

Intervals after primary inoculation. 


60 day». 

100 days. 

160 days. 

! Control. 

1 Prepared 

1 ohiok. 

1 

Control. 

Proofed 

chick. 

Control. 

Prepared 

chick. 

1 in 10 . 



4- 

(■+) 1 

+ 

4- 

1 in 100. 

4_ 

__ 

-f 




1 in 1000 . 

4- 


4- 


+ 

( + ) 

1 in 10,000 . 

+ 


■■f 1 


4- 


1 in 100,000 . 

-t- 

— 

4- 

— 

4“ 

— 


4- ca: fowl-pox ptoduced. (4-) SB Hlighl i*eAction, — s? negative reault. 


Similar results obtained with pigeons and strain C show that 150 days after 
inoculation a slight degree of immunity still persists. 

The Serology of Fowl-pox, 

Although a considerable amount of work has been carried out on the serology 
of vaccinia in the rabbit, little attention seems to have been paid to the possi¬ 
bility of similar serological reactions occurring in birds sufEering from fowl- 
pox. Burnet; (1906) found that the serum of a pigeon which had recovered 
from the disease and one which had been hyper-immunised had no viricidal 
power. In his experiments an attempt was made to immunise fowls by giving 
them subcutaneously at weekly intervals doses of 10^20 c.c. of a dense suspen¬ 
sion of the virus. One and a half months after the lost injection they were bled 
and the serum separated out. A dilution of the virus Aixed with an equal 
volume of the serum of a normal pigeon and with equal volumes of fowl immime 
serum, both heated and unheated, was allowed to stand for 1 and 3 days—no 
details are given of the temperatiare. The reaction on applying the mixtures 
to the scarified skin was equal both in the control bird and in the one treated 
with immune serum. In a further experiment immune pigeon and hen sera 
were thrice inoculated into the veins of normal pigeons in doses of 1 c.c. at 
intervals of 4 days. Nine days after the first inoculation the birds were inocu¬ 
lated on the scarified skin, as were also control birds. In the treated birds the 
incubation period was retarded 3 or 4 days and the reaction was at first slighter 
than in the controls, though later it developed normally. Two pigeons received 
int^venoualy 2 c.c. of the serum o& a highly immunised fowl. The skin was 
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inoculated 1 and 24 hours later. The reaction in the treated birds was less than 
in controls. 

Lowenthal (1906) claims to have produced a skin immunity by intravenous 
injection of the virus, while Lipschiitz (1908) makes similar claims following 
subcutaneous injection. Manteufel (1910) found that the serum of hens which 
had recovered from a typical attack of fowl-pox and had also been injected 
subcutaneously with fowl-pox virus had no therapeutic effect when injected 
into hens suffering from fowl-pox. Scarification of the combs of hens and 
inoculation with fowl-pox and simultaneous subcutaneous injection of immune 
serum was followed by a typical reaction. Immune serum and concentrated 
fowl-pox virus allowed to stand in contact for 2 to 3 days and then inoculated 
on the scarified comb of hens gave rise to a typical reaction. Hens injected 
subcutaneously with a mixture of immune hen serum and fowl-pox virus did 
not show any general reaction, as did hens injected with normal hen serum and 
fowl-pox virus. Some 14 days later, however, the hens injected with immune 
serum were found to be susceptible to infection with fowl-pox virus applied to 
the^scarified comb. 

van Heelsbergen (1920) also claims to have produced immunity to fowl-pox 
by three intravenous injections of fowl-pox filtrate which hod been passed 
through a Chamberland B filter. Three hens inoculated subsequently on the 
scarififKl skin gave no reaction, while in five others the skin lesions were slight 
and were cured after 10 days ; the control hens were all positive. Lowenthal, 
Kadowaki and Kondo (1924) failed to find any viricidal antibodies in the sera 
of pigeons, hens or rabbits after previous inoculation with pigeon-pox virus. 

In a later communication, however, Lowenthal (1925) claims to have trans¬ 
mitted pigeon-pox to rabbits. After a few passages pigeon-pox protected 
against vaccinia, wKile the sera of rabbits recovered from pigeon-pox were said 
to have a viricidal action on the virus. Andervout (1926) was unable to detect 
any viricidal antibody in hens which had recovered from fowl-pox. 

Altiiough evidence of a certain degree of passive immunity has been obtained 
no clear evidence has been brought forward that the serum from immune fowls 
has any viricidal action on the virus of fowl-pox. Lowenthal, Kadowaki and 
Kondo (1924) have, however, succeeded in producing viricidal antibodies against 
yac(!mia in the hen, although the titre was not as high as in the rabbit. 

Preliminary experiments were therefore made to determine whether the 
serum of fowls which had recovered from the disease had any viricidal action 
on fowl-pox vims. Three fowls which had recovered from the disease pro¬ 
duced by strain A were bled and their sera obtained. Dilutions of virus A 
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1 in 100, 1 in 1000,1 in 10,000 were placed in contact with equal amounts of 
saline, of normal hon serum and of the three immune sera, the dilution of 
the serum being thus 1 in 2, and incubated for 3 hours at 37° C, in the water 
bath. The mixtures were then inoculated on the scarified skin of chicken, with 
title following result:— 


Table IX.—^Viricidal Action of Anti-fowl-pox Serum from Hens. 


Dilution of 
virus. 

Normal 

serum. 

1. 

Immune sera. 

2, 

3. 

Saline. 

1 in 100 . 

4- 

+ 


1 

-r j 


1 in 1000. 

H- 

(+) 

4 

4“ 

4 

1 in 10,000. 

4- 


4 

+ 



-f- OH fowl-pox produced. ( 4 .) as elight reaction. — ^ negative result. 


The serum of fowl No, 1 having shown some evidence of a viricidal action on 
the virus this bird was injected intravenously wuth a 1 in 10 dilution of virus 
A. It received five injections beginning with 1 c.c, and rismg to 5 c.c. at intervals 
of from 7 to 10 days. 

The fowl was then bled and its serum separated off. In the first experiment 
dilutions of the serum were tested for viricidal action on dilutions of strains A 
and B 1 in 600 by the method used by Gordon (1926), except that the serum was 
unheated and guinea-pig serum was not used as a source of complement. 

Table X.—Viricidal Action of Anti-fowl-pox Senira A on Strains A and B. 


(1) Strain A: dilution 1 in 500. * 


Dilutions of serum. 

Normal serum. 

Immune serum. 

1:2 

4- 


1:10 



1:20 

4* 


1 ;40 

4 

(4 ) 

1 :80 

-f 

4 


4- « fowl-pox produced. (-j~) =a slight reaction. — =« negative result. 
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Table X—{continued). 

(2) Strain B : dilution 1 in 500, 


Dilations of scrum. 

Normal serum. 

Immune serom* 

1 :2 

1 + 

... 

1 : 10 

-f 

— 

1 ;20 

i + 


1:40 

1 -1- 

+ 

1 : 80 


+ 


The viricidal action of anti-fowl-pox serum A on strains A and B was thus 
similar. The viricidal action of the same serum was then tested on a dilution 
1 in 500 of strain C derived from fowl material. When the incubated vinis was 
tested out, on both the fowl and the pigeon, the results were of a striking 
character. 


Table XI.—Viricidal Action of Anti-fowl-pox Serum A on Strain C (Fowl 
Material) Tested on Fowls and Pigeons. 


Dilations of serum, 

i 

Normal serum. 

Immune serum. 

Hen. 

1 

Pigeon. 

Hen. 

Pigeon. 

1:2 


4 - 


4- 

1 : 10 1 

4- 

4* 


+ 

1 :20 


4 ' 

— 

4- 

1 : 40 


4- 

4 - 

4* 

1 :80 

H- 

4 - 

+ 

4 * 


^ fowl-pox produced. — negative reault. 


The action of the anti-fowl-pox serum A on strain C had thus been to destroy 
its activity for the fowl, but not for the pigeon. On re-transferring some of the 
virus growth from the pigeon (1:2 dilution of serum) to the hen it was found 
to be pathogenic for the hen only in dilutions of 1 in 10, thus showing that the 
hen pathogenic portion of strain C had been almost entirely removed by the 
viricidal serum. A similar experiment was then carried out with the same 
anti-serum on strain C derived from the pigeon, the incubated virus being again 
tested on fowls and pigeons. 
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Table XII.—Viricidal Action of Anti-fowl-poz Seram A on Strain C (Pigeon 
Material) Tested on Fowls and Pigeons. 


Dilutions of serum. 

Normal serum. 

Immune serum. 

Hen. 

Pigeon. 

Hon. 

Pigeon. 

1 

1:2 

i 

-f 

_ 


1 : 10 


+ 

— 

"h 

1 : 20 

■f 

-h 

(44 

+ 

1 : 40 

4- 


4^ 

-f 

1 : 80 

-f 

+ 

+ 

‘t- 


f ^ fowl-pox produccxl. ( + ) — dlight reaction. — ~ negative result. 


Here again the potency of strain C for the fowl was destroyed while the potency 
for the pigeon remained. This is even more strikingly shown by testing the 
viricidal action of anti-fowl-pox serum A on dilutions of strain C derived from 
the fowl, the virus after incubation being tested out on both fowl and pigeon. 


Table XIII.—Viricidal Action of Anti-fowl-pox Serum A (diluted 1:2) on 
Strain C (Fowl Material) Tested on Fowls and Pigeons. 


Dilutions of 

1 

Normal iMJrum. 

Immune serum. 

Saline. 

virus C. 

Fowl, 

1 

Pigeon. 1 

Fowl. 

Pigeon. 

Fowl. 

Pigeon. 

1 in 100 .. 

+ 

4- 

(+) 

4- 

+ 

4" 

1 in 1000 . 

4* 

4- 


-f 

4- 

4- 

1 in 10,000.! 

f 

4- 

— 

-f 

-1- 

+ 

1 in 100,000 . 

+ 

+ 

— 

(+) 

i 

4- 

•f 


-f- ^ fowl-pox produced, (-f) slight reaction. — negative result. 


In view of the results obtained with anti-fowl-pox serum A it became essential 
to produce an anti-serum to strain C. Six fowls were immunised by producing 
the disease by scarification on the skin, followed by intravenous injection of 
dilutions of strain G obtained from the fowl. 

Preliminary experiments showed that the sera of two out of the six fowls had 
a viricidal action on strain C. Serum was obtained from these two fowls and 
its viricidal action tested as before on strains A and B. 
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Table XIV.—Viricidal Action of Anti-fowl-pox Serum C on Straina A and B. 


(1) Strain A: dilution 1 in 600. 


Dilutions of scrum. j 

1 

Normal serum. 

Immune serum. 

1 :2 



1 : 10 

4- 


1 ;20 

+ 


1 :40 

4- 


1 :80 


“f 


(2) Strain B : dilution 1 in 600. 


Dilutions of Ncrum. | 

Normal serum. 

Immune serum. 

1 :2 

1 

•f 


1 : 10 

-f 


1 : 20 

4-- 

... 

1 UO 

4- 

4* 

1 : 80 

+ 

4- 


fowl-pox produced. — =« negative result. 


The viricidal action of anti-fowi-pox serum C was then tested on strain C 
derived from the fowl and the pigeon, the incubated vims being inoculated 
both into fowls and pigeons. 


Table XV.—Viricidal Action of Anti-fowl-pox Serum C on Strain C Tested on 

Fowls and Pigeons. 

(1) Strain C (fowl material): dilution 1 in 500. 


Dilutions of florura. 

Normal serum. 

Immune serum. 

, Hen. 

PigtHjn, 

Hen. 

Pigeon. 

1:2 

4- 

4- 



1: 10 

+ 

4- 


_ 

1 :20 

+ 

4- 

— 


1 :40 

4- 

4- 

+ 

4- 

1:80 

4 * 

+ 

1 

+ 

4 ^ 
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Table XV—(continued). 

(2) Strain 0 (pigeon material): dilution 1 in 600. 


Dilutione of serum. 

Heated sera with complement. 

Hen. 

1 

Pigeon. 

Hen. 

Pigeon. 

1:2 


+ 1 

_ 


1:10 



.... 

— 

1 :20 



( + ) 

(+) 

1:40 1 

-f 


+ 

+ 

1 :80 

•f 

1 

-f 1 

i 

1 

"f- 


+ » fowl-pox produced. (+) — alight reaction. — negative result. 


From these experiments it is seen that anti-fowl-pox serum C has the power 
of destroying the pathogenicity of virus C both for the pigeon and the fowl, 
while anti-fowl-pox serum A only destroys the pathogenicity for the fowl 

This strongly suggests that fowl-pox strain C is composed of two types of virus 
which are antigenetically distinct (1) a hen type ; (2) a hen-pigeon type. 

If one regards all the three strains A, B, C as having originated in the hen 
then C appears to contain certain mutant forms which are pathogenic for the 
pigeon, this difference in pathogenicity being correlated with differences both 
in immunising power and in serological reactions. 

The RekUiomhip between the Viruses of Fowkpox and Vaccinia. 

The view originally held by Jenner (1798) that the virus of vaccinia is a form 
of variola modified in its virulence for man by passage through the cow is now 
universally upheld. The relationship between vaccinia virus and the viruses 
producing stomatitis of the horse, aheep-pox and fowl-pox remains obscure. 

Earlier observers such as Bollinger (1873) assximed without much evidence 
to support them, that fowl-pox was identical with vaccinia, rel)dng possibly on 
the popular superstition of the middle ages that epidemics of fowl-pox preceded 
epidemioa of small-pox in man. Later observers basing their views on the 
ohar^teristic cell inclusions of fbwl-pox and its relationship to fowl diphtheria 
came to regard vaccinia and fowl-pox as two distinct diseases. Beisohauer 
(1906) however still maintained the older view on the ground that the inclusions 
charaicteiistic of fowl-pox, despite their miorochemical reactions, were identical 
with Quamieri bodies as seen in variola and vaccinia. 

Of more reoent workers Zwick (1914) regards pustulous stomatitis of the horse 
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and fowl-pox as closely related. The most convincing evidence, however, in 
favour of the identity of fowl-pox and vaccinia has been brought forward by 
Toyoda (1924). This observer found that fowl-pox scarified on the cornea or 
abdominal skin of the rabbit or guinea-pig gave a result which, both macro- 
and microscopically, was similar to that obtained with vaccinia. A lamb scari¬ 
fied with fowl-pox was subsequently found to be immune both to sheep-pox 
and vaccinia. Dogs first inoculated with sheep-pox were immune to vaccinia 
and fowl-pox. A child vaccinated with sheep-pox one month later gave no 
reaction with vaccinia or sheep-pox, while another child vaccinated with fowl- 
pox was immune to vaccinia. 

van Heelsbergen (1920) in one experiment found that primary inoculation of 
the fowl with vaccinia gave rise to some degree of immunity against fowl-pox. 
In another experiment he was unable to demonstrate any such immunity. 

van Nedervecn (1926) also claims to have converted fowl-pox virus into 
vaccinia. A strain of fowl-pox virus was obtained from a hen which had the 
lesions on the feathered portions only. The first attempts to transmit the 
infection to the skin of rabbits were unsuccessful, but in a further experiment 
one rabbit showed a non-specific reaction on the skin. Material obtained from 
this lesion was transferred to other rabbits, and after the fourth passage both the 
skin and cornea gave a reaction similar to that obtained with vaccinia virus. 
Some of the material from the rabbit was then applied to the skin of a calf 
which gave a very definite reaction. From the calf the virus was transmitted 
to children with positive results, and back again to hens which showed lesions 
on the comb and, following intravenous injection, on the mucous membrane of 
the mouth. 

Pandit (1927) was unable to transmit fowl-pox directly to the rabbit, but 
after passage in calves the virus became virulent for monkeys and rabbits. 
Calves which had been scarified with fowl-pox were subsequently vaccinated 
with calf lymph. At first the fowl-pox virus did not seem to immunise against 
vaccinia, but after passage in the calf distinct protection against vaccinia was 
afforded. Although precautions are said to have been taken against the 
possibility of confusing the viruses, it is noteworthy that these experiments 
were carried out in an establishment for the production of calf lymph. 

On the other hand Levaditi, Nicolau and Harvier (1922) were iznaUe to 
demonstrate any cross immunity in fowls between vaccinia and fowtpox* 
Lowenthal, Kadowaki and Kondo (1924) by vaccinating chicks with vaocinia 
were able to produce a serum containing viricidal antibodies agaiiurt vaooinia, 
but not against fowl-pox, while viricidal anti-vaodnia serum from the rabbit 
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was also without action against fowl-pox. More recently Lusena (1925), 
Ledingham (1924) and Andervont (1926) have all failed to determine any cross 
immunity between fowl-pox and vaccinia. 

It will be noted that among those who have claimed to transform the virus 
of fowl-pox into that of vaccinia there is considerable variation in the virulence 
for various animals of the strain of fowl-pox employed. Thus Toyoda was 
apparently able to transmit fowl-pox quite easily to the rabbit, guinea-pig or 
child ; van Nederveen only succeeded in transmitting the virus to the rabbit 
with some diificulty, while Pandit only infected the rabbit after passage througli 
the calf. It is unfortunate that none of these observers carried out experi¬ 
ments to determine whether the virus of fowl-pox, when passaged on the rabbit 
or calf, still retained its power of traversing a Berkefeld or Chamberland filter. 
Nor, so far as we have been able to ascertain, has any attempt ever been made to 
convert the virus of vaccinia into that of fowl-pox by repeated passage in the 
chick, although such passage is easily carried out. 

With the three strains of fowl-pox which we have employed it has not been 
possible to passage the infection in rabbits, nor has it been |>08siblo to produce 
by passage in the chick a form of vaccinia virus which lost its pathogenicity for 
the rabbit or rat. 

Further attempts were made to transform the virus of fowl-pox into the 
virus of vaccinia by transmitting fowl-pox to calves. These experiments were 
carried out at the Stroud Laboratories, Mill Hill, where there were no animals 
infected with vaccinia. The calves were inoculated by rubbing the infected 
material on the scarified skin of the abdomen which had previously been shaved. 
Repeated attempts were made with strains A, B and C, but all gave negative 
results. Subsequent inoculation of the calves with vaccinia gave a typical 
positive reaction. * 

The experimental results which have previously been described show that 
there is no cross immunity engendered in vivo, but in order to determine more 
accurately if there were any antigenetic relationship between the virus of fowl- 
pox and that of vaccinia the following tests were carried out:— 

(1) The viricidal action of an anti-vaccinia rabbit serum on fowl-pox viruses 
A, B and C. 

(2) The viricidal action of an anti-fowl-pox A serum on vaccinia. 

(8) The viricidal action of an anti-fowl vaccinia serum on vaccinia and fowl- 
pox. 

The results are shown in the three following tables, the technique being 
similar to that used for demonstrating the viricidal action of anti-fowl-pox serum. 
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Table XVI.—Viricidal Action of Babbit Anti-vaccinia Serum on Vaccinia 
(Tested in the Babbit) and Fowl-pox A and C (Tested in the Fowl). 


Vaccinia : dilution 1 in 200. Fowl-pox A and C : dilution 1 in 500. 


Dilutions of 
serum. 

Vaccinia. 

Fowl-pox A. 

Fowl- 

pox 0 . 

1 Heated sera with complement from guinea-pig. 

Normal. 

1 

Immune, 

Normal. | 

Immune. 

Normal. 

Immune, 

1 ; 2 

4. ! 


+ 

4 


+ 

1 ; 10 

-f : 



-f 

+ 


1:20 

4 


+ 




1:40 

4 - 1 


4. , 

-h 

-f 

-f 

1 : 80 



4- 



4- 


Controls with. 

Vaccinia. 

! 1 

Fowl-pox A. I 

Fowl-pox C, 

Heated normal scrum .. 

4- 

1 

4 

+ 

Heated immune serum .. 

+ 

4- 

4 

Complement.. 

4- 1 

-f- 

+ 

Saline .. 


4- 

4- 


Table XVII.—-Viricidal Action of Anti-fowl-pox A Serum on Vaccinia (Tested 
in the Babbit) and on Fowl-pox A (Tested on the Fowl), 

Vaccinia : dilution 1 in 200. Fowl-pox A: dilution 1 in 600. 


•> 

Dilution of serum. 

Vaccinia. 

Fowl-pox A. 

Normal. 

Immune, 

Normal. 

Immune. 

1:2 

-f 

4 

4 


1 ; 10 

4 

4 

4 

— 

1:20 

4 ^ A 

4 

4 


1:40 

4 ♦ ■ 

4 

4 

— 

1:80 

•4 

4 

4 

4 
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Table XVIII.—Viricidal Action of Fowl-anti-vaccinia Serum on Vaccinia and 
Fowl-pox A Tested in the Hen. 

Vaccinia : dilution 1 in 50. Fowl-pox A: dilution 1 in 500. 


I>ilution of Rerum. 

Vaooinia. 

Fowl-pox A. 

Normal. 

Immune. 

Normal. 

Immune. 

1:2 

+ 


+ 

4 - 

1:10 

•f 


4 - 

+ 

1 :20 

+ 

— 

+ 

4 - 

1 ;40 

-f 

(+) 

+ 

4 " 

1:80 

■f 

4 


4* 


There is thus no evidence from serological observations that there is any 
antigenetic relationship between the viruses of fowl-pox and vaccinia. 

The FiUerability of Vacoinm and Fmol-pox Virus, 

As is well known the factors which determine the filterability of ultra-micro¬ 
scopic organisms are extremely complex. Thus Levaditi and Nicolau (1928) 
believe that the main difficulty in filtering many viruses is due not to their 
size, but to the capacity for adsorbing these vinises possessed by substances 
such as kaolin, animal charcoal, and siliceous material such as that composing 
the Berkefeld filter. Other observers, among them Kramer (1926), regard the 
electric charge possessed by the filters and the organisms as the main factor in 
determining whether any given virus will or will not filter. 

Many experiments have been carried out to determine the filterability of the 
vaccinia virus. Early observers such as Negri (1906 and 1906), Bemlinger and 
Nouri (1906), Bouget (1905), Carini (1906), Nodake (1924) and Murata (1924), 
all claim to have obtained positive results with filtration through Berkefeld 
filters. Many of these observers fail to give any indication whether the filters 
were tested for their capacity to hold back visible pathogenic bacteria. Levaditi 
and Nicolau (1923) state that the virus of vaccinia passes more readily throu^ 
a collodion membrane than the viruses of rabies, encephalitis or herpes. 
Thomson (1924) and many others, on the other hand, have entirely failed to 
obtain any evidence that the virus of vaccinia is filterable. 

Twen^four experiments were carried out by us on the filterability of the 
virus of vaccinia, the material being obtained either from the skin of the rabbit 
or the cornea of the rat. In four experiments the suspension of tissue pulp was 

VOli. OU.—B. 2 K 
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first submitted to digestion with a solution of trypsin for 5 Iwurs at 38° C., as 
recommended by Nicolle and Adil Bey (1906). The inters used in each experi¬ 
ment were Berkefeld V and Chamberland L^. The suspension of the virus 
freed from cells by slow centrifugation was first passed through the filter candle, 
after which a suspension of a streptococcus was filtered to determine the 
capacity of the candle to hold back bacteria. The filtrate from the suspension 
of the virus was inoculated on to the rabbit’s skin and rat’s cornea, but in no 
experiment was there any evidence that any vaccinia virus had passed through 
the candle. 

The filterability of the virus of fowl-pox was first demonstrated by Marx 
and Sticker (1902) and that this virus is easily filterable is shown by the follow¬ 
ing experiments ;--DiIutions in saline of fowl-pox virus strain A were prepared 
of 1 in 100, 1 in 1000, 1 in 10,(XK) and 1 in 100,000. The potency of these 
dilutions was then tested on the skin of the fowl, before and after filtration 
through Berkefeld filters. While the unfiltered material gave a positive result 
in a dilution of 1 in 100,000, the filtered material was positive in a dilution of 
1 in 10,000. Similar results were obtained in filtration experiments with 
strains B and C. 

Since the virus of vaccinia produces exactly similar lesions in the skin of the 
thick to those caused by the virus of fowl-pox it seemed possible that the 
vaccinia virus from the lesions in the chick’s skin might also be filterable. 

Eighteen experiments were carried out with the vaccinia virus from the 
chick’s skin, the same precautions being taken as before to control the filter. 
The pH of the suspension of vaccinia virus was the same as that of the sus¬ 
pension of fowl-pox virus. The filtrate was inoculated into the shm of the 
rabbit, and in one experiment out of the 18 a positive reaction was obtiuaed. 
It must, however, ^be remembered that in testing the filter candles, with a 
suspension of streptococcus, after the filtration of the virus suspamuon, some 
minute holes which had allowed the passage of the virus may be subsequently 
blocked by the virus suspension, thus rendering the candle apparently capable 
of holding back bacteria. 

As the result of these experiments, however, it can be definitely said that the 
virus of vaccinia does not possess the same capacity for traversing Bedcefeld 
or Cumberland Lj candles as the virus of fowl-pox, even thon^ tiie virtues 
are present in the same tissue substrate. 

The evidence obtained from experiments on patitogeoioity, immaitfty »w 
mo, yirioidal action of immune sera, and filtecabihty ^ goee to that then 

is; no dtteot relation between the virus of vaotinia and the three straiaa oi 
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fowl-pox virus which we have investigated. As our experiments have shown, 
however, there are differences between various strains of fowl-pox virus, and it 
is always possible that certain sti^ains of fowl-pox may have some affinity with 
the virus of vaccinia. 

Another possible explanation for the results obtained by Toyoda, Pandit and 
van Nederveen is that the original hens from which these observers obtained 
their material were infected, not with the virus of fowl-pox, but with the virus 
of true vacfdrxia, a virus which, as cytological observations show, produces in 
the fowl lesioiLs which cannot be distinguished microscopically from those 
caused by the fowl-pox virus. 

Condmiom. 

1. Three strains of fowl-pox virus have been studied: two of these are 
pathogenic for the fowl only, while one is pathogenic for the fowl and the 
pigeon. 

2. AJl attempts to render these three strains pathogenic for rabbits, rats, 
calves and ducks have failed. 

3. One attack of fowl-pox produces immunity. In the fowl any one of the 
throe strains completely immunises against the others, but in the pigeon previous 
treatment with the strains pathogenic for the fowl produces only partial 
immunity against the strain pathogenic for thc^ pigeon and fowl. 

4. H 3 T>erimmunisatioy with fowl-jK>x virus produces in the fowl an anti¬ 
serum containing viricidal antibodies. 

5. An anti-serum prepared against one of the fowl j>athogeuic strains destroys 
the pathogenicity of both the viruses which ar(i pathogenic for the fowl only, 
but when acting on the virus pathogenic both for fowl and pigeon destroys only 
its pathogenicity for the fowl 

6. Vaccinia virus passaged in the fowl doi^s not become converted into 
fowl-pox virus and remains pathogenic for the rabbit and rat. 

7. Vaccinia virus and fowl-pox virus do not show any cross immunity in 
the hen. 

8. An anti-vaccinia serum from the hen or rabbit has no viricidal action on 
the virus of fo#l-pox, nor has an anti-fowl-pox serum from the hen any viricidal 
action on title virus of vaccinia. 

9. While fovrl-pox virus easily passes through a Berkefeld filter, vaccinia 
virus eveh after repeated passage in the hen is still largely held back. 

10. tTo evidence has been obtained to show any close relationship betweeii 
tike virus of vaccinia and the three strains of fowl-pox virus investigated. 

Ih The factors underlying the Cahnette-Ou^rm phenomenon are discussed 
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The Air-Resistance to a Runner. 
By A. V. Hill, F.R.S. 


(Rcceivtsd December 15, 1927.) 

(Ftt)m the Department of Phyalology and Biochemifttry, University College, Londoiit) 


The resistance of the air to the motion of a badly stream-lined body, in which 
the negative pressure on the leeward side, due to eddy formation, is appreciable, 
may be roughly ()*(> where v is the relative velocity, p the density of the 

air, and A the projected area on 



Model of runner used in wind-ohanoel experiments; 
spindle visible at top. 


a plane perpendicular to the 
<lirection of motion. In a 
recent paper Furusawa, Hill 
and Parkinson (1) have ex¬ 
amined the motion of a runner 
making a maximal effort over 
a short distance, on the assump¬ 
tion that the air-resistance is 
negligible when compared with 
the resistances inherent in the 
muscles and limbs of the rumier 
himself. This assumption is 
lusarly, but not strictly, true, 
the air-resistance to a man 
running in still air at maximum 
speed being of the order of 2 
to 5 per cent, of the total 
resistance which his muscles 
have to overcome. 

In view of the importance 
of fractions of a second in 
sprint records,” and of the 
well - known influence of a 


following or head-wind in diminishing or increasing the time in such races, 
the original treatment of the dynamics of sprint-running may be modified to 
take account of the air-resistance as follows. 



Air-Ren»tjimoe to a Runmr. 


Ml 


la Cftlottlating the air-resiatance at any given relative speed it is neoessary to 
know (1) how accurately the above formula fits and (2) the value of A, the 
pDOjected area of a running man. In this connection I am ixmoh indebted to 
8k T. £. Stanton, F.R.S., Superintendent of the Engineering Department of 
rile National Physical Laboratory, who arranged ior experiments to be per¬ 
formed in a 3-foot wind-channel on the rough model of a running man, shown 
in the figure. To quote his report, " the model, which is a ' lay-figure ' 8 inches 
high in the erect position, was fixed to the balance spindle as shown, and the 
resistances at different wind-speeds determined. The measured forces were 
then corrected for spindle interference in the usual way. To determine the 
projected area of the model a photograph w^as taken and its area measured by 
a planimeter. The measured areas of the model were- 

In the running position, 9*36 square inches. 

In the erect position, 10*97 square inches. 

The resistance, which varied as the square of the speed, is given by the following 
expressions: - 

R z=s 0*46 lbs. in running position 

R = 0*49 lbs. in erect position 

where 

Af = projected area in running position (square feet). 

A, = projected area in erect position (square feet). 

V = speed in feet per second. 

p =. 0*00237.’’ 

In the above formulae p is the density of the air at 15"’ C. and at normal 
barometric pressure, expressed in lbs. per cubic foot, and divided by g (32*2 
f.s^s*) in order to reduce the resistance to lbs. weight. 

In C.G.S. units, if be the velocity in centimetres per second, A the area in square oenti- 
metres, and E the resistance in grams weight, the value of p would be 1*247 x 10-*^. 
Bxpwweiug the vebdty in metres per second, the area in square metres, and the resistanoe 
ip h^bograins weight, p would be 0*1247. ThuJt the most conve^nt formula for practical 
purposes are:— 

(A) V^oeity in feet per second, area in square feet, resistance in lbs, 

R SI 0*00107 (running) 

R ** 0*00110 s*A, (erect) 

{B) Veteoity In nitres per second, area in square metres, resistance in hilugrams. 

E 0*066 e*Ar (mnniug) 

E«* 0*061 e^ {ntect) 


( 1 ) 

12 ) 
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According to Sir T. K Stanton’s measurementB the lay-figure, S inchea high, 
had a projected area of 9- 36 square inches (running) and of 10* 97 square inches 
(erect), so that its area bore to the square of its height a ratio of 0 * 146 (running) 
and 0*171 (erect). Thus a man 5 feet 9 inches high shordd have a projected 
area of 4*8 square feet (running), and 5*6 square feet (erect), were he similar 
to the model. To verify this a photograph of a runner finishing a race was 
measured up, and its area found to be about 0 • 16 times the square of its height. 
Thus the projected area of a runner of ordinary size may be taken as approxi¬ 
mately 6 square feet, and the resistance to his motion as about 0*0063 v* lbs., 
where v is the relative speed in feet per second. 

The greatest speed ever measured in a human runner in still air is (1, p. 49) 
about 11*6 yards, i.c., 34*6 feet per second. At this speed the calculated resis¬ 
tance would l)e 6*3 lbs.; at 24 feet per second it would be only 3 lbs. This 
runner (1, p. 50) at top speed was exerting a propelling force of about 80 per 
cent, of his weight, viz., about 135 lbs. Since the maximum attainable speed 
is proportional to the net propelling force and inversely proportional to the 
coefficient of internal viscous resistance, it follows that if the air-resistance 
could be abolished the maximum speed would be increased nearly 6 per cent,; 
this would occur with a following wind of about 24 miles per hotur, in which a 
first-rate runner should be able to improve on his time in 100 yards by about 
0*5 second. Similarly, a following wind of 10 miles per hour should improve 
his time by about 3 per cent., i.e., in 1(X) yards by about 0*3 second. Con¬ 
versely a head-wind of 10 miles per hour should double the air-resistance and 
increase his time by 0*5 second in the same distance. It would be of 
interest to measure the maximum speed of an athlete experimentally by 
electrical methods, as described in (1), when running with and against a wind 
of known and to compare the results with the preoedii^ 

calculation. 

The matter can be expressed in another rather instructive way, viz., by 
estimating the air-resistance in terms of an'' equivalent slope/’ (.e., in terms of 
a hill which would require the same effort to overcome. Assuming a subject 
of 160 lbs., an air-resistance of 8 lbs. would, for example, be equivalent to a hffl 
of 1 in 20. 

Belative velocity of air: 


Feet per second . 0 10 20 30 40 60 60 80 

Equivalent slope. 0 1/300 1/76 1/33 1/19 1/12 1/8 1/p 


At hi|^ relative speeds it is seen that air-resistanoe beoomas equivatoat to a 
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fiteep hill> es of ooturse is known to those who have walked, or attempted to mu, 
agidnst a strong wind. 

Baces of different lengths are run at different speeds, and it is instructive 
to calculate the resistances (assuming still air, a projected area of 5 square feet 
and a subject of 16() lbs.) for the speeds at which various world’s records ” arc 
performed. The last column gives the horse-power required to overcome the 
air-resistance. 


Distance. 

Time. 

Average 8|)eed. 

Heaistanee. 

Equivalent. 

SlojK*. 

HorHC-jK>wor. 

100 yarda 

min. sec. 

0 0*3 

feet per sec, 
32-3 

Hw. 

5‘.5 

1/20 

0*32 

220 

0 20-8 

31-7 

5 3 

1 IHO 

0*30 

300 „ 

0 30*2 

20*8 

4*7 

1/34 

0*20 

440 „ 

0 47-4 

27-8 

41 

1/39 

0‘2l 

600 ' 

1 10*8 

25-4 

3*4 

1/47 

0*10 

880 

1 5D« 

23*7 

3 0 

‘ 1/54 

0*13 

1000 „ 

2 12*2 

22 0 

2*8 

1/58 

0 12 

U20 „ 

\ mile 

3 

2*8 

21*7 

2*5 

1 /64 

0 10 

4 10*4 

21*1 

2*4 

1/68 

0*09 

0 

^ P» 

1) 

9*(i 

10-2 

2*0 

1/82 

0 07 

3 

U 11*2 

18*0 

1*85 

1/87 

0*06 

5 „ 

24 

(J*2 

18*3 

1*8 

1/90 

0*()« 

10 

1 

m 40 0 

17-4 

1*0 

1 /lOO 

0 05 


In the longer races, neglecting altogether the largci oxygen debt at the (?nd, 
there will be an oxygen consumption at the rate of at least 4 litres per minute, 
in a subject of the size assumed. This, if used in the combustion of glycogtm, 
would yield (2, p. 6) energy at the rate of 63,400 foot-lbs. per minute, i,e,y of 
about 1*92 h.p. Thus only a very small fraction of the total energy liberated 
(3 per cent.) is employed in overcoming air-resistance. In running at maximum 
speed a fir^t-rato “ sprinter ” may be developing about 8| h.p. (1, p. 50). To 
overcome the air-resistance requires only al)out 4 per cent, of this amount. 

We see, therefore, that still air provides a small, but not quite negligible, 
fraction of the whole resistance to a runner. In the finest athletes at top 
speed this fraction may amount to nearly 5 per cent., in others it will be con¬ 
siderably less, since it varies as the square of the speed. Against a head-wind 
it may be considerably greater. During the acceleration at the beginning of 
a race it will be relatively unimportant, since the speed is lower : thus in very 
short races (e.jr., 30 to 50 yards) the wind will have little influence. In the 
mathematical treatment of the dynamics of a sprinter (1, p. 34) the air-rcsistanee 
; it would not be difficult so to adjust the calculations as to take 
rou 2 f 
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approximate account of it, but the result would have little added significance, 
since the correction at the low velocities near the start would be almost negligible. 
It is simpler therefore, and practically a^s accurate, to do as we have done, viz., 
to treat the problem first as though there were no air-resistance and then to 
apply the necesvsar)^ correction to the constants so obtained. 


It may be of interest to note, paradoxical as it may seem at first, that a strong cross- 
wind may bo a cjousiderabio hindrance to a runne^r. Let v bo tho velocity o f the nit mer, 
V that of the cross-wind, tho resultant relative velocity of runner and air is \/ y* -f- and 


f with his direction of motion. Tho air-resistance being 


this makes nn angle cos . 

proportional to the sqtiare of tho relative velocity, the component opposing the runner is 


proportional to (v^ -h Le., to ; in still air this reduces tor®, so 

V r® 4- V® 


that a cross-wind increases 


the head resistance in the ratio 



1 +^- 


In the case of a 


wind of the same order of size as the speed of the runner this increase may be considerable. 
For example, if V — r the air-reeistance is incroase<i 1*41 times. Thus apart altogether 
from the disturbatioo to gait there is a considerable addition to the bead resistance. 

In running on a “ circular ** track it is obvious that a head-wind over part of tho oourse 
is not compensated for by a following wind over tho other part, since the resistance varies 
as the square, and not as the first power of the speed. This, together with the effect of a 
cross-wind over the remaining half of the track, explains the difficulty of doing good ** times 
on a windy day. 


Summary. 

1. The air-resistance to a model of a runner has been measured iu a wind- 
channel, and found to be 0-45 where p is the density of the air, v the 
relative velocity, and A the projected area of the model in the direction of 
motion. In practical units the resistance is 0*00107 v^k lbs. weight, where v 
is in feet per second and A in square feet. 

2. The projected area of a'runner is approximately 0*15 times tho square of 
his height. 

3. From these data the air-resistance can be calculated. For a runner on a 
still day the air never provides more than 5 per cent, of the total resistauce, the 
remainder being in his muscles apd limbs themselves. A following wind of 
10 miles per hour will increase the speed by about 3 per cent., a similar head¬ 
wind will diminish the speed by about 6 per cent., in a first-rate perfonner^ 
in others less. 

4. A table is given of tho air-resistance experienced at various speeds; and 
the effect of a cross-wind is discussed. 

5. It is shown that the correction to be applied for air-resistance is too small 
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to affect materially the equations previously found to govern the acceleration 
of a runner at the beginning of a race. 

My sincere thanks are due to Sir T. E. Stanton, K.R.S., for calling my attention 
to the possibility of these calculations and for making the necessary observations 
in a wind-channel at the National Physical Laboratory* 
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h—Introdmtion. 

The previous papers of this series dealt only in a brief and general manner 
with the effect of X-ray sterilization on the corpora lutea. The present paper, 
last of the series, includes more extensive work aimed at removing this 
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deficiency, Tlie work was begun by irradiating pregnant animals, but owing 
to the technical difficulties the greater part of it was carried out on lactating 
animals. In this papt^r it will be shown that the degenerative changes in 
the corpora lutea of pregnancy and lactation take place very slowly after 
sterilization, although they begin at the normal time. The corpora lutea 
become, in fact, practically permanent structures. The oestrous cycles of both 
these series of animals are dealt with elsewhere (9) by one of us, where it is shown 
that these permanentcorpora lutea do not retain their (Bstrous-inhibiting 
power for any appreciable period after what would be the functional life of the 
normal corpus luteum. Moreover, the possible duration of lactation is not 
affected by sterilization at the beginning of suckling. 

The histology of the ovaries discussed in this paper is essentially similar to 
that found in the animals previously described (1,2, and 3) and need not be dealt 
with at length. 

The previous literature is summarised in the earlier papers (1, 2). 

Our thanks are again due to Prof. J. P. Hill, F.Il.S., Dr. F. H. A. Marshall, 
F.R.S., and Dr. J. A. Murray, F.R.S., for advice and criticism, while we are 
indebt(^d to Prof. C. Lovett Evans, P.R.S., for his interest in the work. We 
also wish to thank Ihrof. G. Elliot Smith, F.R.S., for allowing the irradiation 
to bo carried out in the Department of Anatomy. 

The mice were drawn from the colony maintained with the aid of grants from 
the Government Grant Committee of the Royal Society and the Medical 
Research Council to A.S.P., and the histological expenses were defrayed from a 
grant to F.W.R.B. from the fomier source. 

II »—Irradiation of the Adult during Pregnancy, 

The abnormal persistence of corpora lutea (vera and atretica) in ovaries 
sterilized by X-rays, described previously (1, 3), suggested that sterilization of 
the pregnant adult might cause the persistent corpora lutea to function for an 
abnormally long period. Various doses were employed, as^the animals concerned 
were mostly irradiated before a standard intensity had been worked out. 

Twenty-eight animals, comprising three series (PX, 8X and XVP) were 
irradiated in all. A list of these mice is given in Table I. 

The ovaries of the XVP series were fixed in Bonin’s fluid and stained with 
Ehrlich’s heematoxylin and eosin, the results being good. The ov^ies of the 
PX and SX aeries were fixed in Champy’s or Camoy’s fluid and stained with 
Bfailioh’s hsematoxylin or Heidenhain’s iron-heBmetoxylin. . 
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Table I.—^Mice Irradiated during Pregnancy. 


Kefeienoe 

No. 

Time when 
irradiated 
in days. 

Dose 

(in mmuten). 

Time of 
autopsy in 
days after 
irradiation. 

Sterility, 

Time of 
autopsy in 
days attoT 
last cestrus. 

XVP 11 . 

6 p.c. 

40 

1 



o 12 . 


40 

3 


—, 

.. 13 . 


40 

6 

— 


„ 1 . 

6 ,, 

40 

72 

4- 

27 

M 2 . 

^ »» 

40 

72 


9 

„ 3 . 

5 „ 

40 

72 


35 

.. 4 . 

4 „ 

40 

72 


17 

M 5 . 

4 

40 

72 

"h 

24 

». 

M 

40 

102 

'f 

55 

» 7 . 

5 1 

40 1 

109 


(cornifiod) 

PX 10. 

18 p.o. 

40 

21 

_ 

__ 

» 4. 

14 .. i 

10 

28 



» 7.: 

10 M 

40 

28 


— 

» . 

16 „ 

40 

42 

+(») 

— 

M 6. 

IB „ 

40 

84 

+(») 

— 

,, 3. 

18 „ 

10 

91 


. 

M 2. 

14 

10 

137 

_ 

_ 

1. 


10 

140 



SX 2 .1 

14 p.c,-2 p.p. 

30 

01 

+ (?) 

_ 

» 4 . 

17 

30 

93 

■HI) 

— 

M « . 

15 -3 

30 

93 

+(?) 

— 

M 1 . 

15 ,, —3 ,, 

30 

105 




80 minuteft* exposure wits approximately equal to i B tint on Levi’s pastilles. 


The animals XVP 11, 12 and 13 afford earlier stages after irradiation than the 
PC series to be described in the next section. They are all devoid of small 
oocytes in primordial or single-layered follicles, which must therefore have 
degenerated within 24 hours of irradiation. Some small anovular follicles have 
been formed in all three animals by the rapid degeneratioA of the oocytes in 
some of the smaller follicles. Many of the larger follicles also show signs of 
degeneration. 

None of the animals described in this section show any signs of proliferation 
and ingrowth from the germinal epithelium, such as has been described in the 
animals irradiated before puberty. The tissues of the sterilized ovary are 
derived from the interfoUioular elements and the derivatives of the disorganised 
follicles in a similar manner to that described previously in the adult (3). 
Corpora lutea are present in the sterilized ovaries in all cases and invariably 
show more or less advanced signs of degeneration, such as fibrosis, shrinkage 
end vacuolation of the luteal cells. 

It is thus clear that degeneration of the corpora lutea is veiy slow in the 

2 o 2 
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sterilized animal. All the sterilized ovaries contain some anovular follicles. 
It is of especial interest that X VP 1 5 and 9 all showed a more or less prolonged 
dioDstnis before killing, and all had a remarkably Jnteal-like development of the 
interfollicular tissue (Plate 23, fig. 3). Further, in X VP 7. which was persistently 
cornified prior to being killed, the interfollicular tissue is markedly vacuolated 
(Plate 23, fig. 2). A similar condition and correlation has been noticed in some of 
the irradiated animals already clescribed. In other respects the fuller descrip¬ 
tions of the non-parous adults (3) and of the PC series (in the next section) are 
applicable to these animals and need not be repeated here. 

III .—Irradiation of iM Adtdt duri'ng Lactation, 

In view of the difficulties presented by irradiation during pregnancy (see 
Parkes (9)) it became clear that sterilization during lactation would probably 
afford more valuable and uniform results. 

Forty-two lactating mice were irradiatetl for the purjmses of this experiment. 
The first five were given a dose equal to ^ B tint on Levies pastilles. These 
animals had betm mated at the post-partum oestrus and all were pregnant and 
lactating when irradiated. The ovaries of only two of these animals were 
subsequently found to have been completely sterilized. The next 22 animals 
were given double the dose (= J B tint Levi’s pastilles). Three others were 
killed under 30 days after irradiation, and before the sterilization changes 
could be expected to be complete. Eleven of the remaining 19 were found to be 
completely sterilized. The last 16 animals were given a dose equivalent to 
i B tint on Levi’s pastilles, and 12 of these were found to be completely sterilized. 
Twenty-five of the 42 animals were thus sterilized. 

Further details of the histories of these animals, the method of irradiation 
and of the doteotiAn of oestrus are given in a separate paper by one of us (9). 

The ovaries in the majority of cases were fixed in Bonin’s fluid and were 
stained with Ehrlich’s kematoxylin and eosin, Heidenhain’s irmi-hsematoxylm, 
or Pasini’s stain, In some cases Camoy’s or Regaud's fluid was employed, but 
neither gave very satisfactory results. 

After the first post-partum oestrus the normal lactating mouse does not again 
come into oestrus for, on an average, about 26 days (6). This oestrus inhibition 
during lactation is almost certainly produced by the corpora lutea lactationes (7). 
Subsequent to this oestrous period the cycle is similar to that of the non-pregnant 
and non-laotating adult. I^actation can be prolonged to at least 90 days in 
.some cases by supplying the female with successive foster-litters, when each is 
ready to be wea-ned. This prolonged lactation does not, however, result in a 
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longtluming of the initial long dioostrous period or of the subsequent a^strous 
cycles. It has been shown (9) that the “ permanentcorpora lutea in the 
sterilised ovaries of the aninmlH described in this paper did not produce any 
significant deviation from the normal length of the initial dioestrons period. 
Further, the possible duration of lactation was not effected by sterilization. 

The histological chaiig<^s in the ovaries of the present series of animals follow¬ 
ing irradiation were practically identica-l with thos(‘ observcMl in the non-parous 
adults (3), and need only brief descrii»tion here. The absence of post-irradia¬ 
tion ])roliferntion of the germinal epithelium, which remained thin and inactive, 
was equally clear in all animals. The tunica albuginea was intact and well 
develojKid in every (iase. The conclusion, that the tissues of th<’ sterilized 
ovaries were derived entirely from the elements already com})osing the cortex 
at the time of irradiation, is therefore inevitable and confirms that drawn from 
the. non-parous adidts. The degeneration of oocytes and follicles took platie 
in a similar manner to that previously described (3). The small oocytes dis¬ 
appeared with extreme rapidity. None of the animals killed under 42 days after 
irradiation were com];)letely sterilized. Anovular follicles were formed from 
some of the smaller follicles by degeneration of the contained oocytes. They 
were present, in small numbers, in most of the ovaries. 

The formation of corpora lutea atretica was observed in a few cases (Plate 23, 
fig. 1), but might have been overlooked in oth(ir8 on account of being almost 
indistinguishable from corpora lutea vera, which were present in large numbers. 
The tissues of the sterilized ovaries were v(!ry luteal-like in some of the animals 
that were killed a long time after irradiation, as was the case in some of the animals 
X-rayed before puberty. Most of the cases with this luteal-like development 
exhibited a stoppage of the oestrous cycle (ie., PC 6, 7, 1^, 13 and 14). 

This tissue was derived from the hypertrophied interfollicular tissue and from 
follicular elements which appeared to survive in the ovaries after the follicles 
as such had disappeared. The medulla remained practically unchanged. 
The ovaries varied somewhat in size but were, on the whole, not abnormally 
small. In these respects therefore the present series of animals entirely con¬ 
firms the results obtained with the non-parous adults, and the conclusion that 
the different l>ehaviour of the latter as compared with the animals X-rayed 
before puberty was a characteristic of the adult condition. 

It remains to desiiribe in soniewliat more detail the condition of the corpora 
lutea, as previously tins problem was intentionally left over for tlie jnesent 
paper, where its discussion is more appropriate. Corpora lutea are present in 
all except two of the sterilized animals. The tissues of the ovaries of these 
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two, PC 12 and 13, have become very luteal-like in character, which may account 
for the failure to distinguisli any definite corpora lutea in them. All the corpora 
lutea in the slierilized ovaries exhibit obvious signs of retrogression, such as 
shrinkage* of tlui entire body and of the luteal cells, vaouolation and fusion of 
the latter, leucocyte infiltration and fibrosis. In many of the animals two or 
three distinct generations of corpora lutea can be distinguished in various stages 
of degeneration. The most degenerate corjiora lutea are represented by small 
fibrosed, rather indefinite, masses in the ovary, each containing a few scattered 
lutein cells, very old and vacuolated. The corpora lutea in the animals kept 
longest after irradiation are mostly in this condition, It is only possible in 
a few of the (^arli(u' cases to distinguish the corpora lutea of pregnancy and 
lactation from those of ovulation. In the other cases degeneration has pro¬ 
ceeded too far fur tliis distinction to be made. 

In one animal, P(- 14, a number of remarkable multi-nucleated giant colls, 
isolated or in groups, are present in the ovaries (Plate 23, fig. 4). These giant 
ceils have a vacuolated cytoplasm and as many as 20 apparently healthy 
nuclei. They an) separated from each other by thin connective tissue trabe¬ 
culae. They appear to be formed by a degenerative fusion on a large scale of 
the lutein cells in the old corpora lutea, and possibly of some of the luteaMike 
cells composing the remainder of the tissue of the ovaries. 


LV. -'Unildteral Ovariotomy after Sterilization at 3 Weeks Old, 

Three of the series of animals irradiated at 3 weeks old(l) had one ovary 
removed after sterilization, and it seemed desirable to ascertain whether the 
remaining ovary underwent hypertrophy, as happens in the normal animal 
after unilateral o\^riot()my. 

The essential information is summarised in Table II. 


Table II. 


Ko. of animaJs. 

Time of 
autopsy after 
removal of left 
ovary, 

1 

Moan 

diameter of 
left ovary. 

i 

1 

Mean 

diameter of 
right ovary, 

I 

Percentage inoreoae 
in diameter of 
right ovary over 
diameter of 
left ovary. 

MIU . 

Days. 

■■IIIIIH 

fi* 

Per cent. 

84 


1055 

-h M 

. 

79 


1446 

4-848 

M 16 . 

79 

HhH 

1664 

4-61*2 
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la the first case the iucrease, though positive, is insignificant. In the other 
two the increase is very great and can hardly be accounted for by the slight 
variation in size often experienced between the right and left ovaries. It 
therefore seems to represent a true compensatory hypertrophy of the sterilized 
ovary after unilateral ovariotomy, such as is well known after unilateral ovario¬ 
tomy in the normal animal. It is possible that the increase in size in the first 
case would have been greater if it had been allowed to live as long after the 
operation as the other two, and might possibly then have been of an order 
comparable to that exhibited by them. It is more probable, however, that the 
failure definitely to hypertrophy in this case was associated with the very 
vacuolated luteal-like character of the tissues of the ovary and with the stoppage 
of the enstrous cycle. 

V .—Irraduition of Regenerate Ovarian Tissue. 

In another paper (8) the details have been given of the irradiation of two 
animals (OVS 17 and 23) suspected of having regenerated ovarian tissue after 
double ovariotomy. Subsequent dissection and microscopical examination 
of the ovarian region showed the presence of typical irradiated ovarian tissue. 
This tissue in both animals vras embedded in and completely surrounded by the 
fat-body, as in the other cases of ovarian rcjgencration described. It consisted 
of cords of rather luteal-like cells separated by thin sheaths of connective tissue, 
such as have been described (1, 2) as forming the major part of the ovaries of 
animals irradiated before puberty. Corpora lutea, oocyt(*8 and follicles were 
.entirely absent from this tissue, as were also definite “ anovular ” follicles. 
Several small tubules, similar to the persistent rete and mesonephric tubules 
found in the hilum of the normal ovary, were associated with this mass and 
appeared in places to merge and fuse with the cords of cell^composing it. The 
whole ovarian mass in both cases was surrounded by a thin, more or less in¬ 
definite, fibrous connective-tissue sheath, which separated it from the adjoining 
adipose cells of the fat-body. It was in both cases situated near to the cystic 
remains of the old ligatured Fallopian tube, and the vascular supply was rich. 
These results indicate that regenerating ovarian tissue behaves similarly, after 
X-ray sterilization, to the ovaries of immature animals. 

Yl,--Miscellane(yus Experiments. 

The striking natxire of the changes which take place in the ovary of the 
mouse after exposure to X-rays suggested that alteration of the conditions 
under which these changes normally take place in the irradiated animal might 
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lead to alteration in the character of the changes themselves and possibly to 
fresh light being thrown on the effects of irradiation. In particular, it was 
desired to clear up, if possible, the actual nature of the anovular foUicle-like 
structures found in practically all irradiated ovaries. In view of the essential 
similarity of these bodies with the ovarian stnictures described by Hammond (4) 
as spermatic ttibules, and their similarity with the tubules found in the free- 
martin gonad, it was at first thought (1) that these structures found in the 
irradiated mouse gonad might also be of the nature of spermatic tubules. 
Subsequently, however, the fact that these stnictures could be produced in a 
day by irradiation of the adult, and were obviously of follicular derivation, made 
it necessary to suppose that, whether they had ever contained an ovum (as in 
irradiated adults) or not (as in animals irradiated before puberty) they were 
probably anovular follicles. 

Nevertheless, certain of the experiments described in this paper were based 
on the possibility that these structures might be rudimentary spermatic tubules 
and were designed to facilitate their development as such. The development 
of testis elements in the ovary would presumably be retarded by the fact that 
their situation would be analogous to that found in the undescended testis, 
which is usually sterile, and might also be retarded by their female environment. 
With these considerations in view animals, both young and adult, were jirepared 
in which the ovaries were retracted through the body wall and fixed under the 
skin, to give some semblance of the scrotal position. 

This operation (left ovary only) was performed on three yoimg mice (DM 1-3) 
at three weeks old, and 5 and 12 days later 40 minutes* exposure to X-rays, 
(totalling I B tint) was given. DM 3 showed poor growth and was killed a 
month later, but DM 1-2 wore in good condition when put on to vaginal examina¬ 
tions at 8 weeks old? DM 2 showed a series of quite normal cycles, but DM 1 
had an excessive amount of cornified material in the vagina during the whole 
time that examinations were made. 

Autopsy of DM 1 and 2, made at 12 weeks old, showed that the left ovaries 
were satisfactorily fixed on the external surface of the body wall, but nothing 
of interest was found when the ovaries were examined histologically. 

Three adult animals were also operated on in this manner, one after irradia¬ 
tion and two before. M 24 was given J B tint in two exposures at 3 weeks old, 
and when adult whs examined for 40 days with no aiiparent signs of cestrus. 
This, therefore, appeared to be another case suitable for further experiment, 
and the right ovary was, therefore, retracted from the body cavity and fixed 
under the skin. Examination was continued for another 7 weeks, but still no 
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definite signs of cyclic oestrous activity were observed. Autopsy was then 
performed, the animal being 21 weeks old, but microscopic examination again 
showed no features of interest. 

NV8 12 was observed to have regular cycles. At the eud of the seventh 
cycle (attended by copulation) the ovaries were retracted and fixed under the 
skin. The next period of oDstrus (with copulation) occurred normally in 13 
days. During the next cycle, 14 days in duration, \ B tint irradiation was given 
in two exposures, copulation occurring on the day following the second exposure. 
The next oestrous period occurred 24 days later, and was accompanied by 
copulation. In view of the very regular testrous history of the animal, this 
long cycle suggests some disturbance in the oestrous-producing mechanism. 
Examination was continued for a further 133 days, but no further signs of 
oestrus were observed. The left ovary was removed 27 days after the last 
period of oestrus, and autopsy was performed 106 days later, 266 days after the 
beginning of daily vaginal examinations. 

Histologically, the ovaries were found to be composed mainly of a very large 
number of corpora lutea atretica, of the type figured in Part II (Plate 7, fig. 2), 
but they present no other features of interest. 

NVS 13 had eight regular cycles observed and at the end of the last of these 
the ovaries were retracted as in NVS 12. The next cycle had a duration of only 
8 days, which was noticeably less than that previously found. The next four 
cycles were (11)~(9)~(10)-(10) days respectively in length, J B tint irradiation 
being given, half in the first and half in the second of these cycles. After the end 
of the fourth of these cycles no further oestrous symptoms were observed for 
43 days, the left ovary being removed 16 days before the copulation which 
ended this long “ anoestrous period. The subsequent oestrous history of the 
animals is summarised in the following cycle formula:— 

(12)-(8)^(8)-13^8)^(3)~(4)-(6)^7-^-.5^. 

Autopsy was performed 3 days after the end of the last oestrous period. The 
difference in the history of those two animals after experimental examination 
is rather striking, but the definite, if irregular, oestrous history of NVS 13 makes 
it clear that the cessation of the cycle in NVS 12 was not an essential conse¬ 
quence of either the operative or irradiation treatment. 

The ovaries of NVS 13 were composed of a large number of corpora lutea, 
probably atretica, and the old interfollicular and follicular tissue had become 
markedly luteal in nature. 
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VII.— Discussion. 

The results described in the present paper confirm those previously arrived 
at. The small oocytes in primordial follicles degenerate and disappear com¬ 
pletely within 24 liours of irradiation. Anovular follicles are formed from some 
of the smaller follicles by the degeneration of the oocytes within a day after 
irradiation of the pregnant or lactating adult, as was found previously in the 
non-parous adults (3). 

In the adults described in this paper the formation of the tissues of the 
sterilized ovaries from the elements of the cortex, and not from a proliferation 
on the part of the germinal epithelium was clearly shown, and confirmed the 
, previous results on adult animals (3). Further, the correlation existing between 
the luteal-like condition of this tissue and the stoppage of the oestrous cycle 
was observed in a number of cases (XVP and PC series). In one animal, XVP 7, 
persistent vaginal cornification was found again (see 3) to be associated with a 
highly vacuolated condition of this tissue. 

It is remarkable that in no case was sterilization found to be complete under 
40 days after irradiation when adult, although tliis was found to occur in a 
few cases among the animals irradiated at 3 weeks old (1). Altogether 108 
animals irradiated when adult are described (see Part III of the present paper) 
of which 24 were killed at varying times less than 40 days after irradiation. 
All these were found to contain one or more follicles. Fifty-nine of the remain¬ 
ing 84 killed 40 days or more after irradiation were completely sterilized. 
Coupled with this is the fact that adult animals became pregnant up to a week 
after irradiation and even produced a litter, although on subsequent examina¬ 
tion, more than 40 days after the dose of X-rays was administered, the ovaries 
were found to be completely sterilized. 

These remarkable phenomena appear to admit of only one explanation. 
The lethal action of the X-rays on the ovarian oocytes appears to be inversely 
proportional to their size. This results, with the dose employed, in the 
complete destruction of all the small oocytes and of the majority of the large 
ones. Those large ones which do not degenerate immediately appear to remain 
normal. Some of them subsequently degenerate, as occurs frequently in the 
normal ovary, others mature and are ovulated. These appear to be capable 
of fertilization and normal development. The total number of such unaffected 
large oocytes appears, however, to be so small that they are soon all used up, 
either by degeneration or ovulation, and in most oases none remain by 40 days 
after irradiation. 

It is therefore clear that no new oocytes are formed after irradiation, as was 



895 


Ova/ry of Mouse and X-Hays, 

pointed out previously. This is more remarkable now that it is known that 
certain oocytes can live, mature and subsequently develop after fertilization 
in the X-rayed animal. It is, consequently, more difficult to suppose that 
irradiation has permanently divested the ovary of the power which it is said 
by some to possess, of forming new ooc)rto8 during adult life. On the contrary, 
these facts afford strong evidence that no formation of new oocytes nonnally 
takes place in the adult ovary. 

The corpora hdea .—The material described shows clearly that the functional 
life of the corpora lutea of ovtilation, gestation or lactation is not increased 
after irradiation, and that degenerative changes become a}>parent in them at 
the same age as in the normal animal. On the other hand, degeneration itself 
is much less rapid after irradiation, and the renmants of old corpora lutea per¬ 
sist for a much longer time in the ovary and become almost permanent con¬ 
stituents. Long and Evans (5) suggested that the presence of functional 
corpora lutea, especially of gestation and lactation, accelerated the degeneration 
of previously formed ones. The presence of maturing follicles may have a 
similar effect. The persistence of the corpora lutea in the sterilized ovaries is 
probably due to the lack of competition of growing follicles and functioning 
corpora lutea. In any case these results show that the prestmee of mstrin in 
the ovary is not the accelerating agent in the degeneration of the corpora lutea, 
although it may be responsible for initiating it. 

VIII.~. Summary. 

1, The present paper deals with 64 animals irradiated during pregnancy or 
lactation. The results confirm those previously obtained on non-parous 
adults (3). 

2. The absence of neo-formation of oocytes aft<?r X-ra/ sterilization and its 
significance is discussed. 

3, The degenerative changes in the corpora lutea start at the same age in the 
sterile as in the normal ovary. They proceed more slowly, however, and the 
old corpora lutea become practically permanent components of the sterile 
ovary. This is attributed to the absence of competition with maturing follicles 
and new corpora lutea. 

4. Two cases of compensatory hypertrophy of the sterilized ovary after 
unilateral ovariotomy are described. 

6. Two cases of regenerated ovarian tissue sterilized by X-rays are described. 
Both resemble the tissues of the sterilized normal ovary. 

6^ Borne miscellaneouB esKperiments on the sterilized ovary are described. 
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DESCRffTION OF PLATE 23. 

GntDic LKTTjBRS.—A.F., Anovular follicle. B.C., Blood dot. (T.L. CSorpus lutefum. 
D.M., Begeuerate multinuoleatt^ cell masses. I.F., Interfollicular tissue. i>,0„ Degenerating 
oocyte. T.A., Tunica albuginea. 

Fig. 1.—^PO 26, showing corpus luteum atretioum with the central blood dot and an enclosed 
degenerating oocyte containing a orystalloidal body. 

Fig, 2.—XVP 7, showing for comparison the vacuolated interfollicular tissue iGmd part of 
a corpus luteum. 

Fig. 3.— ^XVP 3, showing for comparison the luteaMike interfolUcular tisane and part of a 
corpus luteum. 

Fia. 4.—>PC 14, showing anovular follides in the periphery and masses of mnlti-nuolcate 
cells formed as degenerate products of the luteal-Uke cells of the interfollicular tissue. 

We are indebted to Mr. F. J. Pittook for the photomicrographs reproduced in these 
plates* 
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Studies in the Microchemistry of the GeM. I .—The Ghivmntin GonterU 
of Normal and Malignant Cells, as demonstrated hy Feulgen’s 
“ NmleaheeiHion." 

By R. J, Ludfori), Foulerton Reseansh Student of the Royal Society, and 
Hon. Ijeotiirer in Cytology, University College, London. 

(Communicated by .T. A. Murray, M.l)., F.R.S.—^^Rpceiv(‘d Decenibor .3, 1927.) 
(From the Laboratories of the Impwial Cancer Hesesioh Fond.) 

[PiATKS 24, 25.) 

Since Feulgen introduced his “ Nuclealreaktion ’’ for the demonstration of 
nucleoproteids, several papers have been published by Continental workers 
recording the results of the application of this method to a wide range of animal 
cells. The general consensus of opinion is that the method provides a precise 
microchemioal colour reaction for thymus-nucleic acid protein complejces. No 
other cell structures, or inclusions of any kind are stained, when the correct 
procedure is employed. 

Chemical Basis of the “ NudedlreaUioH.’* 

The “ Nudealrealition ” is based upon SchifE’s test for aldehydes (3). As a 
miorochemioal method it depends upon the presence of an aldehyde group 
among the products of a partial hydrolysis of thymus-nucleic acid, the nucleic 
acid of animal nuclei. When thymus-nucleic ac-id is subjected to a mild hydro¬ 
lysis, and the resulting products are treated with fuchsin-sulphurous acid, there 
results therefore an intense prnple coloration. This colour substance is insoluble 
in water, and only very slightly soluble in alcohol. 

The partial hydrol 3 fsis of thymus-nucleic acid separates off the purine bases, 
adenine and guanine, leaving thymic acid, a more resistant and ill-defined sub- 
Stonc^. According to Feulgen, it is the thymic acid which contains the aldehyde 
gtoup and gives the Schii! reaction with fuchsin-sulphurous acid. Where the 
tean “ chromatin ” is used in this paper, it is to be understood, therefore, that 
it refers <ndy to the chromatin of animal nuclei. 

Teeh,niq^te of the Reaction . 

In practice, with sections, the method is earned out in three stages. Slides 
of mitabijif fisted material are brought down to water. Then, firstly, the 
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hydrolysis is effected in HCl at a temperature of 60° C* for about five minutes. 
Secondly, the slides are transferred to fuchsin-sulphurous acid. Thirdly, excess 
of the stain is removed by a thorough washing in water containing excess 
of SO*. 

Hydrolysis of the sections sets free the aldehyde group of the thymus-nucleic 
acid. This gives rise to the purple coloration when brought in contact with 
fuchsin-sulphurous acid. Washing in suljAurous acid removes all the stain, 
the SO 2 preventing the formation of the basic fuchsin from the fuohsin-sulphur- 
ous acid. When, therefore, the sections are brought to water, preparatory to 
mounting, all the fuchsin-sulphurous acid has been removed from the tissues, 
and what was previously chromatin is represented by a bright purple or violet 
coloration. 

Preparation of the Reagents» 

(а) The Add used for the Hydrolysis —82*5 c.c, of HCl (S.G. 1*19) are 
dissolved in 1 litre of water. 

(б) Fuehsin-Sulphurous Acid, —200 c.c. of distilled water are brought to boiling. 
1 gm. of basic fuchsin is then added and the water well stirred. After the 
fuchsia has dissolved the solution is allowed to cool to about 50° C., when it is 
filtered. Then 20 c.c. of N . HCl are added. When the liquid has further 
cooled to about 25® C., 1 gm. of anhydrous sodium bisulphite is dissolved in it. 
This results in the liberation of SO^, and the fuchsin is slowly decolorised. It 
should be allowed to stand for 24 hours at least. As soon as a yellow colour is 
attained it is ready for use. It should be kept in a welbstoppered bottle in 
the dark. 

(c) The Water containing cm Excess of SOj.—To 200 c.c. of distilled water is 
added 10 c.c. of a 10 per cent, solution of anhydrous sodium bisulphite, and 
then 10 c.c. of N . IICl. This water should only be used so long as it smells 
strongly of >S02. It must be renewed frequently. 

Carrying out of Reaction. 

1. Fixation. —Alcohol, alcohol acetic, sublimate, or sublimate acetic con be 
used. Feulgen recommends sublimate acetic, consisting of a 6 per cent, 
solution of mercuric chloride, to every 100 c.c. of which 2 c.c. of glacial acetic 
acid are added. I find this fixative gives the best results for general 
cytological purposes. Small pieces of tissue are fixed for 24 hours, then washed 
in running water, brought up through the alcohols to xylol, and embedded in 
wax. My sections have then been cut at 5 |x. They are brought to water iu 
readiness for the hydrolysis. It is advisable to leave sections for some hours, 
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or even overnight, in 90 per cjent, alcohol before carrying out the hydrolysis, 
aa this hardens the tissues and reduces to a minimum the distorting action of 
the warm acid. 

2, Hydrolym arid Colour Reaction- The acid used for the hydrolysis must be 
kept at 60° C.; the other reagents are used at room temperature. 

Verne (8) suggests having the reagents contained in tubes arranged aerially. 
I have adopted this method aa being a very convenient one in practice. For 
the hydrolysis I have used a beaker partly filled with acid, and kept warm by a 
luminous Bunsen flame. It is essential to have a thermometer dipping into the 
acid in order to enable one to maintain the temperature practically con¬ 
stant, A slight fluctuation of a degree or so either way does not affect the result. 
The general arrangement of the vessels with their contained reagents, together 
with the length of time slides should be kept in each, is as follows - 

Slides brought down to water are transferred to t\ibe 1, then to the beaker, 
and so on. 


Tube 1 ^ Beaker Tube 2 


HCl HCl at HCl 

60® C, 

1 min* 4-15 min., Few 
usually Beoondii 
6 mins. 


Tub© 3 “► Tube 4 -► Tube 5 Tube 6 Tube 7 Tube 8 


Distilled Fuchain* Water containing free SOg Distilled 

water sulphurous water 

acid 

Just Up to Move slides about in each 1-2 
rinse 1J hrs. tube 1-2 min. min. 


I find that the length of time that the slides remain in fuchsin-snlphurous 
acid can be greatly curtailed. With most of the material with which I have 
worked a purple coloration of the chromatin is evident almost immediately, 
and is intense after a few minutes. 

The contents of tubes 3 and 8 should he changed each time. Tubes 5, 6 and 
7 should be refilled when they no longer smell strongly of ^0,. 

Ooimterslaining ,—Since only chromatin is stained by this technique, it is 
usually desirable to employ some counterstain. Wermel (9) has suggested the 
use of light green. It affords a useful contrast to the purple chromatin staining. 
I find it convenient to stain as follows: After the slides have been finally 
washed in distilled water (in tube 8), they are dipped for a few socx)ndB in a 
watery solution of light green. Excess of the stain is washed off with distilled 
water, which is then blown off the slides. Absolute alcohol is then poured on 
the seotioDS, and used for their differentiation. They are finally cleared in 
xylol and mounted in balsam. The appearance of various types of cells after 
thil treatment is shown in figs. 1-9 (Plate 24). 
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Previom Work, 

The method has been applied to a wide range of animal tissues. Berg (1) 
has worked with tissues of the salamander, rat, rabbit, dog and man, while 
Wermel (10) has found the reaction to apply to cells of Hydra, Helix, Loligo, 
Periplamta, Lymantria, Astaotis, Ham, Bufo, Axolotl, rat, cat, dog and man. 
Nothing but chromatin was stained. Wermel also found that in the nerve tissue 
of the dog and cat the Nissl granules were not coloured. According to this 
worker an improvement in the technique results from using, instead of fuchsin- 
sulphurous acid, monoaldehyde products of this reagent. 

Berg (1) has made a special investigation into the action of the hydrolysis 
upon the tissues fixed in corrosive acetic. He found that a certain a mount of 
distortion was produced by the action of the warm acid. Nuclei might become 
slightly swollen. Some chromatin ptirticles might become lost, or might imdergo 
swelling, The nucleolus could also become enlarged. Once the chromosomes 
were formed, however, they were not altered by the hydrolysis. The nuclei 
of some material, which after fixation in corrosive sublimate had remained for 
12 years in 86 per cent, alcohol, were not altered structurally by the action of 
the hydrolysis. Similarly, Zenker-Formol fixed material was not injured by the 
warm acid, although the subsequent colour reaction was weaker. 

In connection with this criticism of Berg’s, I should point out that I have 
found little indication of the injurious results which he describes and figures, 
I have not worked with the same tissues as he has, but he figures marked altera¬ 
tions in the follicle cells of the rat ovary. In my sections of oocytes of the 
mouse surrounded by follicle cells, the nuclei of the latter show no indication 
of the vacuolation and enlargement of the nucleolus which Berg figures. It 
seems probable, therefore, that Berg’s sections had not been sufficiently hardened 
in alcohol before the hydrolysis was carried out. 

Up to the present the Nuclealreaktion ” has only been applied in a few cases 
to the many special problems of cytology, for the solution of which a satis¬ 
factory microchemical test for chromatin is demanded. Koch (4) has used 
the method for the study of the oogenesis of Chilopods. He was able to demon¬ 
strate chromatin in the o5gonia and in the follicle cells, but not in the growing 
odoytes. It was concluded, therefore, that during the growth of the odoyte the 
chromatin undergoes a profound chemical change. 

Roskin and Grtinbaum (7) sought to ascertain by the method whether blood 
platelets contained nucleoproteids. They carried out the test with the blood 
of mice suflFering from a trypanosome infection. They found no chromatin ih 



Studies in Mioroohemistry of CdL 401 

the blood platelets, although it was demonstrable in the nuclei of the trypano¬ 
somes and of the leucocytes. Roskin (6) has also applied the method for the 
study of the nuclei of a mouse carcinoma. He points out that the chromatin 
which is stained a violet colour tends to lie against the nuclear membrane. The 
prophase nucleus contains a spireme structure, which is apparently made up 
of a central core covered with chromatin. Two types of degenerate nuclei 
occur. In one type there is considerable accumulation in the nucleus (" hyper- 
nuoleiner Kem ”); in the other type there is very little chromatin (“ hypo- 
nucleiner Kern *’). The diminution in chromatin content is the result of its 
having been extruded into the cytoplasm. Roskin adds that “ besides these 
structures (extruded chromatin) in the plasma still other little rod-like inclusions 
were found, which also give the reaction for nucleic acid. I have not succeeded 
in determining the nature and origin of these structures.” 

Personal Observalions. 

I have carried out the nucleal ” reaction with various tissues of the rat and 
mouse, and also with the ovotestis and hepatopancreas of the mollusc Limnma 
stagnaUs. Material fixed in alcohol, corrosive acetic, and alcohol acetic has 
been used. The corrosive acetic fixation recommended by Peulgen gave the 
brightest staining. All sections were counterstained with light greeti. 

Oatnetogenesis, It was possible to detect chromatin by the reaction in the 
obcytes of the mouse. A young odcyte is represented in Plate 24, fig. I. Its 
nucleus contains, in addition to the small granules of chromatin, a considerable 
amount of material which stains with the light green. The nucleolus contains 
no chromatin, although small granules frequently lie in contact with it. During 
the growth of the oocytes the chromatin does not appreciably increase in 
amount. Fig. 2 shows an older odcyte. Although the non-chromatinic- 
material has increased considerably, the chromatin is represented by a few 
granules, three of them being closely associated with the nucleolus. When the 
nucleus has broken down and the chromosomes are formed for the first reduction 
division, no chromatin can be distinguished in the cytoplasm; but the 
chromosomes themselves stain intensely. 

During odgenesis of Limncea stagnaUs scarcely any chromatin is distinguish¬ 
able in the nucleus by Peulgen’s method. A faint purplish coloration is to be 
seen in some of the nuclei, so that I am inclined to believe that the chromatin is 
so finely dispersed in the nucleus as to render its demonstration impossible by 
thk method. It may be, of course, as Koch has suggested, that during odgenesis 
the ehromatin undergoes profound chemical changes. 

vot. on.—B. 2 H 
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During growth of the oocyte of Limnma the nucleolus becomes enlarged. 
With the ordinary stains it is first ox 3 rphil, then, later, partly oxyphil and 
partly basophil (5). Thus with metbyl-blue^osin the nucleolus at first stains 
red, then partly rod and partly blue. Portions of the red-staining nucleolus 
are extruded into the cytoplasm. By Feulgen reaction no chromatin can he 
detected in cither the oxyphil or basophil staining nucleoli. It might be 
pointed out here that sections stained with metiiyl-blue-eosin, and others sub¬ 
jected to the “ nucleal ” reaction, arc remarkably alike as far as general histo¬ 
logical features are concerned, so that the objection that the hydrolysis induces 
artefacts is, with this material, not tena))lc. 

Sjmm^ogeneds .—In both the Moiliisir material and in the rat and mouse 
testis, the sperm heads stain intensely with the “ nucleal reaction. At those 
stages of spermatogenesis when the chromosomes art^ stretched, the reaction 
is onl}^ faint. It becomes progressively brighter with condensation to form 
the chromosomes. From the staining reaction it appears that the chromo¬ 
somes are composed of at least two substancoa, one of which gives the Feulgen 
reaction and another substance, or more probably substances, which stain with 
light green. Fig. 11 (Plate 26) is a j)hotomicrograph of a portion of the rat 
testis, showing the intense staining of the sperm heads and the lighter staining 
of the chromosomes at the prophase of meiosis. 

Ejnthelimn of Efididymu of Rat and Mome. 

These odls were examined especially because in them various types of nuclear 
extrusions into the cytoplasm have been described. A binucleate cell is shown 
at fig. 3, and a single nucleus from an adjoining cell at fig. 4. In fig. 3 a sperm 
head is included at the top of the cell for comparison. I find no indication of 
chromatin being extruded into the cytoplasm in the material which I have 
examined. It will bo noticed in the figures that although the nucleolus is often 
surrounded by chromatin, none is actually contained within it. 

Gland CeUs. 

The method has been found to give good results with the pancreas, thyroid 
and adrenal of the rat, and with the hepatopancreas of lAmncBa. The largo 
moltilobed nuclei of the Mollusc contain a great deal of chromatin, as do abo 
the nurse cells of the oocytes. The gland cells of the rat and mouse, however, 
only contain the average amount. 

Many writers have described extrusions from the nucleus, and loss of chroma¬ 
tin during secretory activity. Cramer (2) has shown that the cells of the medulla 
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of the adrenal are stimulated to secretory activity by exposure to cold, and after 
funetioxial activity the nuclei are considerably altered. Fig. 10 (Plate 26) shows 
a portion of the adrenal medulla of one of Dr. Cramer’s experimental animals. 
The cells in the centre of the photograph are normal. They have scattered 
granules of chromatin. Immediately below these nuclei are four nuclei in the 
exhausted state. They are smaller and irregular in outline. They have lost 
a pait of their contents, but not chromatin, since they give a brilliant coloration 
after Feulgen’s reaction. 

In the other gland cells which I have studied I find alteration in the size of 
the nucleus and in the amount of nucleolar material, but the amount of chromatin 
does not seem to alter to any appreciable extent. 


Tumour Cells. 

1 have been unable to correlate any relationship between the amount of 
chromatin of a tumour-cell nucleus, and the rate of growth of the tumour. In 
sections through a tar tumour and the neighbouring skin no difference is 
apparent in the amount of chromatin in the nucleus of the normal and of the 
malignant cells. When the nuclei are larger, the chromatin is more scattered. 

In most of the tumour cells examined the chromatin occurs as scattered 
granules, as shown in the case of the spindle-celled sarcoma (37 S) in fig. 6. 
The large nucleoli which are characteristic of many tumours contain no chroma- 
tiii except as granules around their periphery. The degenerate nuclei which 
I have examined are much shrunken up, as shown in fig. 6. The chromatin 
particles run together, and the whole nucleus stains intensely. Scattered 
granules of chromatin as well as fragments of the nucleusbccui* in the c)rtoplaam. 

The ** Bonne ” tumour which was examined shows great variation in the 
size of the cell nuclei. Three cells are shown in figs. 7, 8 and 9. Fig. 7 shows 
a prophase nucleus. The chromosomes are formed and are stained intensely. 
It will be observed that the nucleolus remains quite distinct from them. Fig. 9 
is one of the smaller cells and fig. 8 one of the giant cells which are formed either 
by fusion of smaller nuclei, or as the result of irregular cell division. Such 
giant cells contain relatively large particles of chromatin. 

Nuclear extrusion is a marked feature of some tumours. In an adeno-car- 
cinoma (27 of this laboratory), where the process is to be seen, it was foimd that 
it was not ohromatin but nucleolar material which was extruded. In the same 
way in tor tumours, where keratinisation occurs, it is principally nucleolar 
material which is extruded and forms keratohyalin. 


2 H 2 
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Surnmary. 

1. According to Feulgen^ when sections of suitably fixed material are sub^ 
mitted to a mild hydrolysis, treated with fuchsin-sulphmous acid, and then 
thoroughly washed in sulphurous acid, the nucleoproteids of animal cells are 
stained an intense purple or violet colour. On the basis of this conception the 
following conclusions are drawn regarding the thymus-nucleic acid protein 
complexes (chromatin) of animal nuclei. 

2. During oogenesis in the rat and mouse there is no increase in the chromatin 
content of the nucleus (figs. 1 and 2). When the germinal vesicle breaks down 
to form the chromosomes, no chromatin is extruded into the cytoplasm. 

3. Neither the oxyphil- or the basophil-staining nucleoli of the oocyte of the 
Mollusc, Limnaa stctgnalis, contain chromatin. 

4. The sperm heads of both Limfum and of the mouse and rat stain intensely 
(fig. 11). At those stages of s|)ermatogenesiB when the chromosomes are 
stretched, the reaction is only faint, but becomes progressively brighter with 
condensation. There are indications that the chromosomes contain other 
substances in addition to chromatin. 

6. No chromatin extrusion was observed in epithelial cells of the epididymis 
(figs, 3 and 4). 

6. After secretory activity the nuclei of gland cells often become shrunken 
and irregularly lobed. This is well seen in the medulla of the adrenal, following 
exposure to cold. Such exhausted nuclei still stain brightly, so that it appears 
that it is some substance other than chromatin which is lost during functional 
activity (fig. 10). 

7. It was not found possible to demonstrate any relationship between the 
amoxmt of chromatin in a tumour-cell nucleus and the rate of growth of 
tumour. 

8. In sections through a tar tumour end the surrounding skin no difference 
was apparent in the amount of chromatin of the normal and of the malignant 
cells. 

9. During cellular degeneration in the tumours examined the nuclei become 
shrunken. The chromatin runs together and the whole nucleus stains intensely 
(figs. 6 and 6). 

10. The chromosomes of all the tumours examined stain intensely. During 
the prophase of mitosis it can be seen that the chromosomes are separate from 
the nucleolus (fig. 7). 

11. The nuclear extrusions, which are well marked in some tumours, consist 
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of nucleolar naaterial and not chromatin. It is principally nucleolar extrusione 
which give riee to keratohyalin during cornification. 

12. Some large nuclei contain apparently the same amoimt of chromatin as 
smaller ones, but the giant nuclei which occur in some tumours and are formed 
either by irregularities of cell division or by the fusion of smaller nuclei contain 
large masses of chromatin (figs. 8 and 9). 

OKSCKIPTION OF PLATES 24 2*). 

Platm 24. 

Appearance of various typos of cells after Feulgen’s “ Nucleai *’ reaction, and counter* 
staining with light green. Figs. 1 and 2 are drawn to a lower scale than the others. 
The actual magnification is indicated by the two scales. 

In all the figureK, which arc reproduced from coloured drawings, the chromatin 
—purple in the preparations—is shown ])Ia<‘k. 'Phe green counterHtain is here 
representwl grey. 

Figs. 1 and 2, oticytes of the mouse ; fig. 3. binucleate cell of epithelium of epidid 3 rinis; fig. 
4, single nucleus from a neighbouring t;ell; iig. 5, normal cell of the spindle>oell sarcoma 
(37 8); fig. 0, degenerate cell from the same tumour ; fig. 7, prophase of mitosis in the 
Bonne tar sarcoma ; fig. 8, giant cell, and fig. Ih normal size cell, both from the same 
tumour. 

Platk 25. 

Photomicrographs of preparations stained as in Plate 24. The photographs were taken with 
the Leitz ** Mikam ** camera through a green filter, so as practically to block out the 
green counterstain, and at the same time to ai:centuatc tlio purple coloration of the 
chromatim 

Fig, 10, cells of the medulla of the adrenal of the rat after exposure to the cold ; fig. 11, 
testis of the rat, 
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1. Introduction. 

Although, as is well known, the ultra-miorosoopic yrruaes are invisible in 
histological preparations, yet characteristic bodies occur within oertaiu of the 
cella of animals infected with such organisms. The origin and nature of these 
so-called “ virus bodies ” has been the subject of much controversy. By some 
they have been regarded as the actual parasite, or at least as phases in its life 
cycle. To von Prowazek they were dual in character consisting of miero- 
organisms embedded in material produced by the reaction of the cytoplasm of 
the infected cell. Still other observers regarded such bodies as products of 
cellular disint^ation. In a farmer pap^ (Findlay and Ludford (1928)) ire 
have referred to thb various views held by writers in this field and have made a 
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mirvey of the literature of the subject iu the form of a pictographio review. 
We shall, therefore, only mention previous work in this field, in so far as it 
directly concerns oiir personal observations. 

A conspicuous fault of much of the earlier work has been the unsatisfactory 
histological technique employed, especially the natme of the fixative. The 
earlier (*ytologi(!al work was carried out with fixatives, which althou^ satis¬ 
factory for the subsequent demonstration of nuclear structures were very 
destructive to the cytoplasm. This is particularly unfortunate since most of 
the virus bodies occur in the ground cytoplasm of cells. We have endeavoured 
to rectify this sources of error in our work by employing fixatives, which have 
been proved to fix the cells in such a manner as to give an appi^aranee as nearly 
as possible identical with their structure, as seen in the living cells. 

The present communication is devoted to an account of the virus bodies 
produced in epidermal cells of the rat and fowl by the vactnuia virus, and the 
relationship of these to the inclusions prcnluced in the fowl and pigeon by the 
virus of fowl-pox, or epithelioma contagiosum, which were described in a 
previous communication (Ludford and Findlay (1926)). 

I am indebted to Dr. G. M. Findlay for the material on whi<!h these observa¬ 
tions have been carried out. 

2. Vin4^ Bodies in Fowl-fox (Epitlhelioim Contagiosum), 

Within epidermal cells of the skin lesions of fowls infected with the virus of 
fowl-pox there occur conspicuous virus bodies. The first definite indic^afcion 
of infection of an epidermal cell with this virus is the appearance of one or 
more minute vesicles. With progress of the infection these vesicles increase in 
number and become enlarged. At an early stage they become surrounded by 
a lipoidal cover. Within the vesicle itself granules make their appearance 
commencing at the immediate periphery. The various vesicles tend to coalesrjc 
so as to produce, ultimately, a single large virus body composed of either minute 
granules or vesicles. 

One strain (C) of the fowl-pox virus which was investigated was fourul to pro¬ 
duce in the skin of the pigeon exactly the same type of virus body. The 
histological picture of the lesion was identical with that in the skin of the chick. 
The virus bodies originated in the same way, and underwent the same develop¬ 
ment. Scarification of the cornea of the chick and inoculation with fowl-pox 
viruB results in exactly similar changes to those occurring in the skin, but in 
epidermal cells of the rabbit, and in comeal cells of the rabbit and rat, none 
of the three strains of virus examined gave rise to any form of cell inclusion. 
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3. Virus Bodies produeed in the Skin of the Chick by the Vawinia Firtw. 

Our study of the fowhpox virus bodies led us to investigate the effect of the 
vaccinia virus on the skin of the chick. In these experiments, small chicks 
were inoculated on the side of the head, the feathers being pulled out. The 
lesions which made their appearance were extirpated and fixed according to the 
Schridde and modified Kopsch methods previously described (Ludford (1924®, 
1925)). 

Sections of the lesions appeared identical with those caused by the fowl- 
pox virus. There was hypertrophy of the epidermis and the usual well marked 
retioulo-endothelial dermal reaction. Further, virus bodies exactly similar to 
those of fowl-pox developed in the epidermal cells. Figs. 1 to 5 (Plate 26) show 
the appearances presented by these virus bodies in unbleached Schridde prepara¬ 
tions, which had been stained with iron-alum-hiematoxylin. Fig. 1 is a cell 
from the lowest layer of the epidermis. Amongst the mitochondria (m) are 
seen vacuoles which are the first clear indication that a cell has become 
infected. Fig. 2 represents a later stage in the development of the virus in- 
cltisions. Two of the vacuoles (rb) have become covered with a lipoidal coat. 
Two smaller ones arc still colourless. Most of the mitochondria (m) of this cell 
retain their filamentous form, although there is indication of fragmentation. 

The virus bodies (u6) of fig. 3 are larger, while the mitochondria are frag¬ 
mented, and are beginning to disappear. At the stage of infection, shown in 
fig. 4, the larger virus bodies are coalescing, but numerous smaller ones are in 
process of formation. In the cytoplasm can be discerned a number of granules 
about the size of mitochondria. These vary in size from a minute dot, just on 
the borderline of visibility, to granules about the size of an enlarged mito- 
chondrium, the latter, being also the size of the smallest vacuole. The study 
of numerous cells exhibiting these appearances leads one to conclude that the 
minute granules only just discernible are the very first visible phase in the 
development of the virus structures. The successive stages in the develop¬ 
ment of the virus bodies according to this interpretation are indicated in 
fig. 4 as to iv. 

As with the fowl-pox so with the vaccinia virus the virus bodies after becoming 
enlarged and coated with lipoid coalesce to form the single large inclusion 
body; such bodies lie within cells of the most superficial layers of the epidennis 
of the skin lesions. Four cells in which the vims bodies are almost oompletely 
formed axe shown in fig. 6. In each case these bodies (t^) are aomewlmt 
irregularly stained, so. that darker and lighter areas are easily apparent. Three 
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of the cells iu this figure have in addition to large virvis bodies, smaller ones in 
process of formation. The latter would, no doubt, ultimately become incor¬ 
porated within the large body. This is probably what has happened in the 
fourth cell of this figure which has only one large virus body. 

Since during the course; of their development, the virus bodies become coated 
with a lipoidal substance, which is blackened in Schridde preparations, it is 
impossible to determine the nature of their interior iu unbleached sections. 
Hydrogen peroxide was therefore employed to bleach sections before staining. 
8uch bleached sections were stained by the iron-hflematoxyliii method, in the 
usual manner. Some were mounted after the usual differentiation, others 
were further decolorised until the stain had been removed from all parts of the 
cell with the exception of the virus bodies, this having been found to be possible 
in our former work on the fowl-pox virus bodies. After decolorisation the 
sections were stained with aniline acid fuchsin (Altmann’s stain) by heating the 
stain on the slides until steaming occurred, then allowing to stand for 15 minutes. 
Differentiation was then carried out either iu alcohol, or in an alcoholic solution 
of aurantia. In sections suitably stained by this method, the virus bodies were 
black to purple in colour. Nuclear structures and mitochondria were coloured red. 

Three stages in the development of virus bodies, as seen in bleached and 
stained sections are represented in figs. 6 to 8. The cell of fig. 6 shows the earliest 
stage of infection. The mitochondria {m) are already fragmentt^d. Towards 
the lower pole of the nucleus are a number of small virus vacuoles, amongst 
which are very minute granules. What are regarded as the sequence of stages 
in the formation of the virus bodies are indicated by the lettering to as in 
fig. 4, to which reference has previously been made. After the vims vacuoles 
have become enlarged, granules or vesicles make their appearance starting at 
the periphery, and ultimately coming to fill the whole vacucHe. Figs. 7 and 8 
show the contents of the vhus bodies. Owing to their minute size it is impossible 
to determine with certainty whether the virus bodies are composed of granules 
or vesicles. In examining sections with an oil-immersion lens the slightest 
movement of the fine adjustment gives a vesicular appearance to what has 
previously looked granular, without altering perceptibly the optical resolution 
of the other larger cell structures. 

In our former paper on the cytology of fowl-pox, we pointed out that a close 
telationslup existed between the Qolgi apparatus and the formation of the 
virus bodies. Bxarctly the same relationship exists with these virus bodies. 
The formation of virus bodies in cells in which the Golgi apparatus is impregnated 
by osmic acid is shown in figs. 9 and 13 to 16 (Plate 27). Fig. 9 shows a normal 
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cell from the lowest layer of the epidermis of the chick’s skin. The Qolgi 
apparatus (GA) assumes the tjrpioal form of a closed network. Fig. 13 
represents a cell from the infected area of the skin. Its Golgi apparatus (QA) 
is hypertrophied although as yet no virus bodies are visible. In the cell of 
fig, 14 are two virus vacuoles (w), and one which has been coated with lipoid {u&). 
All three arc closely associated with strands of the apparatus (QA). The next 
cell, fig. 15, has a single large virus body with strands of the Golgi apparatus 
on either side of it, while in the cell of fig. 16, the virus bodies are apparently 
surrounded by portions of the fragmented apparatus. This intimate relation¬ 
ship between the Golgi apparatus and the formation of the covering layer 
of the virus bodies rather suggests that this substance is formed by the cells 
as a secretion, comparable to the origin of secretion granules in contact with 
the apparatus in gland cells. 

This study of the vaccinia virus inclusions in cells of the epidermis of the chick 
has shown, therefore, that both as regards their structure and their mode of 
origin, they are identical with the virus bodies of fowl-pox or epithelioma 
contagiosum. 

4. V^tcdhiia Vims Bodies in Epidermal Cells of the Cornea of the Chick, 

Scarification of the cornea of the chick with vaccinia virus results in a reaction 
similar to that in the skin. There is hypertrophy of the epidermal cells, and the 
same reticnlo-endotheUal reaction. Virus bodies are formed similar to those 
in the epidermal cells of the skin. Since infection of the cells is followed by frag¬ 
mentation of the mitochondria, it is impossible to distinguish with certainty 
between granular mitochondria and the initial stages in the formation of the 
vims bodies. Fig. 17 shows an early stage of infection of a cell. Some of the 
mitochondria (w) are broken up, others remain filamentous. Three virus 
vacuoles are clearly distinguishable. Subsequently, the mitochondria 
become completely broken up, and their number begins to diminish. At the 
side of the nucleus there occur clusters of granules (figs. 18 and 19) amongst 
which it is impossible to distinguish mitochondria from the initial stages of the 
virus bodies. With progress of the infection, however, the granules enlarge to 
form vesicles. The latter become more numerous, increase in siae and stain 
progressively more deeply with hiematoxylin. 

There is the same tendency towards coalescence, resulting in a 
virus body (fig. 21). In fig. 19 the various stages in the development of the 
virus bodice are indicated to t? 5 . 

The same relationship exists here, also, between the formation of the vims 



Viruses of Fowl-Pox and Vaccinia. 


411 


bodies and the Gk)Igi apparatus. The early stages of the process are shown in 
iSgs. 10 to 12 which are drawn at a higher magnification than the other cells. 
In fig. 10 the initial h 3 rpertrophy of the apparatus (GA) is to be seen. Fig. 11 
shows virus vacuoles surrounded by the enlarged apparatus, while the cell of 
fig. 12 is filledjwith virus vacuoles, only fragments of the apparatus remaining. 

It is important to emphasise at this point the essential similarity of the virus 
bodies produced by vaccinia in the epidermal cells of the skin and the cornea of 
the chick, because when we come to the study of the action of the same virus 
on the comeal cells of the rat we see that the inclusions are different, although, 
as we shall show later, it is possible to correlate certain features in their mode of 
origin. 

5. Vaccinia Virus Inclusions in the Epidermal Cells of the Corjiea of the Rat. 

Scarification of the cornea of the rat with vaccinia virus is followed by well 
marked lesions in the epidermal layer. At the centre of the lesion the cells are 
killed , and this area of necrotic material is surrounded by a zone of hypertrophied 
epidermis the superficial layers of which present a cyst-like appearance. The 
cyst-like cavities arc in most cases filled with a very finely granular material 
inside which polymorphs are often present. At other times the granular 
material is replaced by bacteria. Both in its mode of origin in the cells, and 
its accumulation in masses at the surface of the epidermis, this granular sub¬ 
stance bears a striking similarity to the virus bodies of the chick skin. We shall 
describe the mode of formation of this material later. 

Nucleolar extnision is a common featmre of the epidermal cells of the infected 
area. Apparently the nucleolus, or portions of it, become applied to the 
surface of the nuclear membrane and then pass out through it into the c)rtoplasm, 
see figs. 22 and 23 (Plate 28). Such extruded nucleolar material {nx) has been 
repeatedly confused with virus bodies. The so-called Guarnieri bodies am no 
doubt nucleolar extrusions, but they are in no wise specific reactions to infection 
with the vaccinia virus as they occur in many different kinds of cells under 
varying physiological and pathological conditions (Ludford (1924)), e.g., they 
can be seen in the area of keratinization that is well marked in the regenerated 
epidenuis subsequent to mechanical injury to the skin of mice. In cells which 
show this nucleolar extrusion, accumulations commonly occur of the finely 
gmmilat substance, to which reference has already been made. This 
substance is marked (j) in figs. 22 to 24. It is shown perhaps most clearly in 
fig. 24, where it is scattered throughout a vacuole-like space in the cytoidasm. 

The same process of nucleolar extrusion is to be seen in the conies of the sheep 
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scarified with sheep-pox. Figs. 25 to 27 show cells drawn from a preparation 
of the infected sheep’s cornea, which was given to us by Prof, McIntosh* The 
nucleolar extrusions often c>ome to lie within concavities in the surface of the 
nuclear membrane. When the nucleus is cut tangentially they then appear 
as is shown in fig. 25, marked GT. "In sections at right angles to tjfis plane they 
appear as shown marked GS* (Figs. 25 and 27.) 

In epidermal cells immediately surrounding the centre of the lesion there 
occur peculiar accumulations of granules which Schtitz (1926) has regarded 
as the specific virus bodies of vaccinia. Of these granules, he says, that they 
do not originate from extruded nucleoli or degenerate cell organs, but that they 
are true cytoplasmic structures arising as the result of infection of the cell by 
the vaccinia virus. The occurrence of such bodies on the margin of the injured 
area seems to suggest that they are restricted to the region of regeneration- 
These bodies are shown in figs. 28 to 51. They are first distinguishable as a 
small group of granules (6) at the side of the nucleus (fig. 9). They increase in 
number and spread throughout the cell, as is shown in figs. 29 to 31. No lipoidal 
sheath is formed around them and the individual granules fail to become vesicular. 

It was at first deemed possible that these granules represented mitochondria. 
This view is untenable, however, for the following reasons:— 

(а) During cellular degeneration (autolysis) the mitochondrial content of a 
cell becomes progressively reduced, until mitochondria can no longer be 
distinguished. Sometimes they become converted into fat droplets. 
These granules in contrast to the mitochondria increase in numbers with 
the progress of the infection. Corneal cells immediately surrounding 
the lesion contain numerous granules as shown in fig. 31, those further 
away contain few granules as in figs. 28 and 29. 

(б) It frequently^happeus in resting cells, and also in cells beginning to 
degenerate, that the mitochondria fragment and become ooUeoted 
together around the sphere. In sections cut tangentially to the surface 
of the sphere the appearance is that of a cluster of granules. If, how. 
ever, the plane of section goes diametrically across the sphere, then 
examination of the section shows the granular mitochondria group^ 
around a central clear area—the idiosomio, or sphere substance. Duiifig 
autolysis the sphere frequently enlarges so that this appearance is quite 
a striking feature of sections of degenerating tissues. The groups of 
Schfitz’s granules also differ from mitochondria in that they are fair}j^ 
uniformly distributed throughout a portion of the cytoplasm which is 
distinguishable from the ground cytoplasm. 
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Although these granules seem definitely to be the result of infection of the 
cell they are unlikely to be the virus for they seem too large, and, in addition, 
they tend to beoome poljrmorphic, and to disintegrate. It might here be 
pointed out that vaccinia heated to 56® C. for 30 minutes did not produce any 
Schiitis bodies, so they cannot be due to any foreign protein. Furthermore, 
they were not formed in autolysed epidermal cells of the cornea. We seem 
forced, therefore, to the conclusion that they represent the result of infection 
of the regenerating cells of the lesion. 

The evidence that the finely granular substance which forms definite masses 
in the virus is very much stronger. Firstly, it occurs in masses in cyst-like 
cavities widely distributed throughout the lesion. The size of the particles is 
extremely minute, and they cannot be stained at all satisfactorily. Then again 
this substance seems to be formed in voctxoles, which arise in intimate relation¬ 
ship with the Golgi apparatus. 

We have grouped together in figs. 32 to 41 (Plate 29) what are regarded as 
the various stages in the formation of the massifs of this substance, such as 
occur in the superficial layers of the cells of the cornea. Fig. 32 shows a 
normal cell of this layer. Its Golgi apparatus (QA) is in the form of a closed 
network at the upper pole of the nucleus. In the cell of fig. 33 the apparatus 
is more spread out, and is beginning to break up. Such fragmentation as 
this occurs normally in all epidermal cells in the course of cornification. The 
process has been described previously in normal and pathological growth 
(Ludford (1924), and Ludford and Findlay (1926)). 

The earliest pathological change is the appearance of vacuoles in the cyto¬ 
plasm in contact with the Golgi apparatus, the polarity of which becomes re¬ 
versed (cf. figs. 34 and 35). A similar reversal of polarity also occurs in epidermal 
cells of the skin of the chick subsequent to infection with the same virus. 
Attention is directed here to the essential similarity in the relationship of the 
virus bodies of the chick, and the vacuoles of the rat, to the Golgi apparatus 
{cf in this connection figs. 32, 33, 34 and 35 (rat cells) with figs. 9, 13,11 and 14 
(chick cells)), 

Betoming now to the further changes in the vacuoles of the cells of the rat 
cornea, in fig. 35 it will be noticed that the vacuoles are more numerous than in 
fig. 34. At the same time the apparatus (GA) has become broken up into rodlets 
and granules. Subsequently the vacuoles seem to run together as do the virus 
vacuoles in the skin of the chick. Within the large vacuoles formed by this 
ooalesoenoe appears the finely granular substance (j), to which reference has 
abeady been made. As the cells pass from the lowest layers of the epidermis 
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of the cornea toward its surface, the vacuoles^ such as that shown in 36, 
appear to increase in sue. The Golgi granules eventually disappear, and the 
cell is reduced to the form of a large vacuole (v) containing the finely granular 
substance (g), surrounded by a covering layer of cytoplasm (figs. 39 and 40). 
Ultimately at the surface of the cprnea we get the large cyst-like cavity filled 
with granular substance. The masses of this substance often present a finely 
vesicular appearance as is indicated in fig. 41. 

It is seen, therefore, that both with regard to origin, and also mode of develop¬ 
ment, the vacuoles of the rat cornea and of the chick skin are essentially similar. 
The fully formed structures in the two animals clifler, firstly, in the presence of 
the intensely osmophil covering substance in the chick and its absence in the 
rat; and, secondly, in the more minute sue of the particles in the case of the 
rat. The latter difference may simply be due to the fact that we are observing 
(?lu«teTS of the finer granules in the case of the chick virus bodies. 

6. Vaccinia Virus in Tumours and in the Testis, 

It will have l)een noticed in the previous description of the vaccinia virus bodies 
that they have all occurred in epidermal cells. We have observed none in 
any other type of cell, although the reticulo-endothelial reaction of the sub- 
epidermal tissues which Ledingham (1924) baa described is a conspicuous feature 
of our preparations. To find whether virus bodies were formed in all types of 
cell we injected the vaccinia lymph into several transplantable tumours, the 
})rototypes of which were epidermal cells. In no case were virus bodies seen 
in the tumour cells. The centre of the inoculated area became necrotic afljer a 
few days. This area was surrounded by tumoui* cells showing all stages of 
autolysis and necrosis. This xone of cellular degeneration was characterised, 
by ccUh with considerable vacuolation of their cytoplasm. In Schxidde prepara¬ 
tions bleached wuth hydrogen peroxide, and then stained with iron-alum- 
hffimatoxylin, the cells appeared as in figs. 42 to 45 (Plate 30). (Mouse 2146, 
LC.R.P.) 

Kg. 42 shows two cells in which the formation of vacuoles (d) has just begun. 
The cells of figs. 43 to 45 contain more and larger vacuoles. In some cells as 
fig. 45 they are surrounded by densely stained cytoplasm. There seems little 
doubt that such appearances as these are simply due to degenerative changes 
in the cytoplasm. Portions of the same tumours were allowed to undergo 
autolysis in normal saline and than examined. A similar vacuolation was 
observable in these controls. We can conclude therefore that, in the case 
of the tumours we worked with, no virus bodies were formed in the cdls 
t he toxin of the virus exercised a destructive influence on the cells. 
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The virus was also injected into the testes of rats. Here again there was a 
general pathological action upon the cells, but no virus bodies were seen. Figs. 
46 to 61 show characteristic pathological changes in the spermatocytes. Although 
mitochondria disappear from the cells, and tlie nucleus undergoes chromolysis 
(figs. 49 and 60) and becomes pycnotic (lig. 47), the Golgi apparatus (GA) 
frequently persists to a late stage of degeneration (figs. 47, 48 and 51). Vacuola- 
tion of the cytoplasm is a common feature of both Schridde and Kopsoh prepara¬ 
tions. Fusion of degenerating cells to form a single large multinucleate mass 
(plasmogamy) is of common occuneuce (fig. 51). 

7. General Oondmions. 

Cytological study of the vaccinia virus has shown :™ 

(1) That the virus bodies produced by vaccinia in epidermal cells of the skin 
and cornea of the chick are exactly the same as those of fowl-pox. Their 
structure is the same, they originate in the same manner and undergo the same 
development. 

(2) That the vaccinia virus produces in epidermal cells of the cornea of the 
rat inclusions closely resembling those it forms in the cornea of the chick, but 
differing fundamentally iii the absence of the covering osmophil substance, 
which is so characteristic of the virus bodies of the chick. There are also 
formed in cells immediately surrounding the centre of the vaccinia lesion, 
clusters of granules (Schiitz’s granules) which are the result of the infection of 
cells of the regenerating epidermis. 

(3) The vaccinia virus can be transmitted from the rat corneii to the skin of 
the chick where it then results in the formation of the characteristic virus 
bodies. Vaccinia virus from the chick brings about the same result in epidermal 
cells of the rat cornea. 

(4) One strain of fowl-pox (C) was found to produce in t^idermal cells of the 
pigeon the same type of virus bodies as in the chick but was without action on 
epidermal cells of the cornea of the rat. Two strains of fowl-pox (A and B) 
produced virus bodies in the chick, but not in the pigeon. Vaccinia virus did 
not form any virus bodies in the skin of the pigeon. 

8. Sti/mmry, 

The Fim Bodies produced in the Skin of the Chick by the Vaccinia (figs. 
1 to 21 ).—Virus bodies are believed to arise in the following manner (see 
especially figs. 4 and 6 ). A minute granule (t;,) becomes progressively larger 
(Oj, t?j), and assumes a vesicular form (^ 4 ). Many such vesicles arise in the 
odls. They increase in size (vs, v*, i 77 ),l>ecome covered with a strongly osmophil 
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substance, and fust? to form one or more large bodies, inside wbioh appear 
numerous granules or minute vesicles. 

During the course of their early development such virus bodies are intimately 
associated with the Golgi apparatus of the cell (hgs. 9 to 16). Exactly the same 
kind of virus bodies are formed in the epidermal cells of the cornea of the chick 
as in the epidermal cells of its skin (figs. 17 to 21). Both as regards their 
structure and origin and development these virus bodies are identical with the 
virus bodies of fowhpox or epithelioma contagiosum. 

One strain of fowl-pox (C) which was studied was found to produce exactly 
the same kind of bodies in the skin of the pigeon. Two other strains (A and B) 
produced virus bodies in the chick, but not in the pigeon. 

Vaccinia Virus Inclusions in Epidermal Cells of the Cornea of the Batr 
Scarification of the rat's cornea is followed by a well-marked lesion in the 
epidermal layer. Nucleolar extnision is of common occurrence in the cells 
(figs. 22, 23 (nx) ). The same occurs in the cornea of the sheep with sheep pox 
(figs. 25 to 27). These nucleolar extrusions are no doubt what have been 
called Guamieri bodies. They are not virus bodies. The epidermal cells 
immediately surrounding the centre of the lesion contain clusters of granules 
which develop as shown in figs. 28 to 31. These are regarded as specific virus 
formations in the regenerating epidermal cells. 

The epidermal cells throughout the area of the lesion contain vacuoles, inside 
the larger of which is a finely granular substance. These vacuoles originate in 
intimate relationship with the Golgi apparatus. What is regarded as the 
course of development of these inclusions is shown in figs. 32 to 41. Except for 
the absence of the strongly osmophil covering substance, they bear a striking 
resemblance to the virus bodies of the chick. These vacuolar inclusions with 
their finely granular contents are regarded as the specific virus bodies produced 
by vaccinia in the epidermal cells of the cornea. 

Action of Vaccinia Virus on ilw Cdls of Tumours and of the Tedis.—TSo specific 
virus bodies were formed when vaccinia virus was injected into tumours^ or 
into the testes of rats and mice. The centre of the inoculated area became 
necrotic after a few days. In the tumours the necrotic area was surrormded 
by cells with considerable vacuolation of their cytoplasm (figs. 42 to 45). 
Similar vacuolation was seen in the cells of the testis. The mitochondria were 
destroyed, the nuclei underwent ohromolysis (figs. 49 and 60) and became 
pycnotic (fig. 47), but the Golgi apparatus often persisted till a relatively late 
stage of degeneration (figs. 46, 47 and 51). 

(For general cytological conclusions see also § 7, p. 416.) 
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DESCRIPTION OF PLATES 26-30. 

PnxTB 26. 

Fias, L-8.—Focemta virua bodies e/pidenml esUa of t/te akin of ihs chick. 

Figs. 1-6, auooeasive stages in the development of the virus bodies drawn from 
unbleached Sohridde preparations. Figs. 6-8, similar stages drawn from prepara¬ 
tions bleached with hydrogen pemxide, previous to staining with iron-hsematoxylin. 
(w, mitochondria ; virus body : vi\ virus vacuole ; w, ev, successive stages in 
the development of virus bodies.) 

Pirate 27. 

Figs, 9-21 .—Vaoeinia virua bodies in epidermal cells of the dtick. 

Figs. 9 and 13-16, show the relationship of the developing virus bodies (w, vl>) to 
the Golgi apparatus (GA) in epidermal cells of the skin. Figs. 10-12, show the same 
prooese in epidermal cells of the cornea. (Modifie«l Kopsch method.) 

Figs. 17-21, show the development of virus bodies in epidermal cells of the chick’s 
oomea. (m, mitochondria ; virus body ; r/*, virus vac nolo ; k;,-®-, successive 
stages in the development of the virus bodies.) 

Plate 28. 

Figs. 22-31.— Ftms bodies in the epidermal cells of the cornea of the sheep and m/. 

Figs. 22-24 and 28-31, drawn from the oomea of the rat scarified with vaccinia 
virus. Figs. 26-27, from the oomea of the sheep with sheep-pox. 

Figs. 22 anti 23 show nucleolar extrusion (tix) in the cells of tlio rat, and figs. 
26-27, the same stype of nucleolar extrusion (GT, GS) in ceils of the sh<!iep 
cornea. Fig. 24 shows the vaccinia virus body (j?) in the case of the rat. 

Figs. 28-^1, development of the granular stmotures, Schfite granules (G), which 
occur only in cells immediately surrounding the centre of the lesion in the epidermis. 

VOL. OU.—B. 2 I 
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VUlIX 29. 

Fi06. 32~41 .— ofwhal, in epidermal cdle of the rat cortmt, %$ refiarded as Komdhgaua 
with the virus bodies of Me epidermal cells of the chick. 

Fig. 32, normal cell with net-like Golgi apparatus (6A), Fig« 33, tpreading out 
of the apparatus (GA). Fig. 34, reversal in polarity ol the apparatus (GA) and 
formation of vacuoles (v). Fig. 35, increase in number of vacuoles (v) and hragm^ta* 
tion of Golgi apparatus (GA). Fig. 36, ooalesoenoe of vacuoles (e) and appearance 
of a hnely granular material {g) inside the largest vaouole. Figs. 37-40, increase in 
sis&e of the vaouole with its contained substance, and the reduction of the cytoplasm 
to a mere peripheral layer surrounding the vaouole. Fig. 41, final stage of a cyst* 
like cavity containing the finely granular substance (g), 

(Figs. 32-40 drawn from modified Kopsch preparations, fig. 41 from a Sohridde 
preparation.) 

Pjuatjb 30. 

Figs. 42-fil .—Odhdar degeneration in a mouse carcinoma (2146), and in the rat testis resulting 
from injection of the vaccinia virus. 

Figs. 42“46, vaouolation of the cytoplasm of the tumour cells as the result of the 
toxic action of the injection. 

Figs. 46-51, spermatocytes of the rat testis, higs. 46-4S show the persistenoo of 
the Golgi apparatus (GA) during degeneration of the cell. 

Figs. 49 and 50 show nuclear degeneration and disappearance of the mitoohondria. 
Fig. 51 one of the masses of fused cells (plasmogamy) with remains of several nuclei, 
and Golgi fragments. Note the vacuolations ol the eells of figs. 48 and 51. (d, 
vacuoles in the cytoplasm; GA, Golgi apparatus { w, mitoohondria; s, spheie 
substance.) 
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On the Chemical Evidences of the Organic Content of Human 

EnameL 

By Evjelyn Sprawson, M.C , L.R,C.P. Lond., M.R.C.S., L.D.S. Eng., and 
Erank W. Bury, M.Sc.Vict., AJ.C. 

(Ooniinunicfttefl by Prof. \V. F.R.S.—Receive.d Dccombcr 10, 1927,) 


Part L—Historical. 

Although many analyses of enamel have been published, a comparison of 
these analyses shows that there are many discrepancies in their results, par¬ 
ticularly in relation to the presence of organic matter. The principal chemical 
findings with reference to the presence of organic matter have been as follows :— 

Vou Bibra (1) in 1844 gave as the organic content of human enamel 3-59 per 
cent, in adult males and 5 • 97 per cent, in adult females. Most other analyses 
have been done on enamels derived from the lower animals, and though not 
exactly comparable to human enamels the results are appended, as being of 
interest. 

Eremy (2) in hippopotamus enamel found 10 per cent, organic matter, Aeby (3) 
in the enamel of the cow found 3 • 60 per cent, organic matter. Hoppe-Soyler (4) 
in the horse found 4*74 per cent, organic matter, but in the dog he found 0 or 
? 0 per cent. Until Tomes (5) published the results of liis enquiry in 1896, no 
one seems to have taken into account the possibility that water might be a 
constituent of completed enamel. 

Tomes, after making allowance for the presence of water in combination, 
came to the conclusion that there was no organic matter,* “ or not enough to 
amount to a weighable quantity,*' and confirmed this by a control, in which he 
used lime phosphate and carbonate in the proportions in which they exist in 
enamel, with the addition of 0-25 per cent, of dry collagen. In this mixture 
“the presence of theproteid was established with the utmost plainness,*' so he 
concluded that there was less than 0 • 25 per cent, of organic matter in enamel. 

Tomes did, however, find that enamel, powdered and digested in weak 
baryta water for 24 hours, became cloudy on acidifying with acetic acid, which 
cloudiness, after being allowed to settle, was found to be too small in amount to 
Weigh, and so demonstrated a trace of organic matter by qualitative means. 
He used the enamels of man, horses and elephants, and found that they showed 
uo difierenoes. 


2 1 2 
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Bertz (6) in 1899 gave the organic content of the enamel of man as being 
6*822 per cent,, and that of the calf as being 16*66 per cent. 

Lovatt Evans (7) in 1913 published an analysis of two samples of human 
enamel. These samples had first been washed in dilute hydrochloric acid, which 
might produce a source of error by dissolving out a small amount of acid soluble 
organic matter. He found that “ organic matter is present and that its amount 
is from 1 to 2 per cent, at least,’* but continuing, makes the statement that 
the relative amounts of carbon and nitrogen do not agree very well, the nitrogen 
being much higher than would correspond with the carbon found/’ He explains 
this by naming no less than three probable sources of error, and, further, states 
“ great accuracy ... is not claimed.” 


Part 2.—Thk Scope of the Present Enquiry anp the obtaining 

OF Material. 

Taking organic ” matter to mean compounds of carbon (other than carbon¬ 
ates) and nitrogen, such as are found in living tissues, our endeavour was to 
estimate the total carbon and nitrogen in enamel after the removal of carbon 
dioxide. Then allowifigfor the whole of these two elements in this residue to have 
been present in combination as some form of protein, one should find them 
present in the average approximate ratio (8) of carbon 3*3, nitrogen 1 -0 (one 
of the analyses in this reference gives the ratio as carbon 3*65, nitrogen, 1 *0, 
but the proportions vary in different forms of protein). 

The difficulties and possible sources of error which had beset previous investi¬ 
gators in this subject seem to have been along four main lines 

(i) The previuring of enamel entirely free from dentine or dentine dibris. 

(ii) The fact that water of crystallisation is present in combination with 

enamel. 

(iii) The procuring of a sufficient quantity. 

(iv) The fact that some constituents of enamel are more resistant to the 

action of certain acids than others, which has led to the presumption 
(histologically rather than chemically) that when there is an uti- 
dissolved portion it is necessarily of an organic nature. 

In addition to the above, further possible sources of error occurred to us:— 

(v) The possible presence of Nasmyth’s membrane on the enam^ 

examined 



Organic Content of Human Enamel. 


421 


(vi) The fact that if dry teeth were used some foreiga orgamc matter 

might have been drawn into the depth of any fissure or unevenness 
on the surface of the tooth. 

(vii) The difficulty of avoiding adventitious contamination of samples in 

obtaining them. 

(viii) Unavoidable contamination. 

We have, we think, avoided these sources of error, except the last. This 
“ unavoidable contamination was due to particles of the abrasive material, 
used to separate the enamel from the teeth, becoming mixed with the samples, 
Steel files were used to obtain the samples, and we are informed by Dr. Walter 
Rosenhain, F.R-S., that carbon is present in such steel from 0*8 to 1*2 percent. 
To remove this contamination as far as possible, each specimen was exposed 
and shaken about close to a powerful electro-magnet, such as is used for removing 
steel foreign bodies from the eye ; most of the steel particles were removed in 
this way, but that traces remained became evident later on. 

The teeth used were not specially selected; in most cases they were non- 
carious, but in aU groups (not in all samples) some were slightly carious—such 
portions natural!}" were avoided when obtaining samples; some had slight 
opacities in their translucency, believed not to be due to incipient caries, and 
in many the enamel had not a very even surface. The teeth in all cases have 
been saved from which each sample was obtained, and are available for inspection 
if desired. 

None of these teeth had ever been allowed to become dry ; all, on extraction, 
had been placed immediately in 6 per cent, formic aldehyde and left in it till 
required. When they were required they were boiled in water, cleaned with a 
nail brush and cloth to remove any adherent soft materialj and returned to 
water. 

In order to remove Nasmyth’s membrane or its remnants, and salivary 
calculus in the case of older teeth, each tooth was then cleaned on all aspects 
with a wet pumice brush on a lathe. This mechanical cleansing might obviously 
not remove organic particles of extraneous matter or of Nasmyth’s membrane 
from deep fissures or crevices, neither would a file get into such places. 

The teeth were then again washed to get rid of particles of pumice, and each, 
when token from the water, was dipped momentarily into absolute alcohol to 
dry the outside, then clamped by the root portion in a small hand vice and filed 
with steel files, previously cleaned in ether, on to a slab of glass similarly cleaned. 
As mmih as oi^e dared was filed from each tooth, the risk of going too deeply 
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and on to the dentine being borne in mind. As each tooth was filed the surfaoe 
was examined with a lens, to see that the dentine had not been reached, and 
the filings were transferred to ether-cleaned Petri dishes with covers. Several 
times one did go too deeply and had to discard the filings, ether-clean everything 
again, and start afresh on a difierent tooth. 

Bach sample was about 0 • 4 gram in weight. It took 10 premolars to give this 
weight of enamel, and several hours’ work for each such sample. This was 
after one had obtained suitable teeth. In view of the fact that the enamel of 
recently erupted teeth is said (9) to be less highly calcified than it is later on in 
life, and that the enamel of deciduous teeth is believed (10) to have a greater 
organic content than the enamel of permanent teeth, we obtained oiir samples 
from three sources :— 

1. The first group of samples was obtained from premolars which had been 

removed from children of from 12 to 14 years of age; these represent 
young human enarneh 

2. The next group was obtained from premolars removed from people of not 

less than 50 years of age; these represent odwfc human enameL 

3. The last group was obtained from dedduom molar teeth of various ages. 

It will readily be gathered that in each sample, particularly in the first group 
of unworn young premolars, the outermost portions of enamel, where its pris¬ 
matic structure tends to be lost and becomes homogeneous, as recorded by 
Mummery (11), may have been in preponderance ; but we do not think it would 
be much so, and this would probably be counterbalanced by some deep portions 
from so near the dentine that ‘‘ enamel spindles and tufts were doubtless 
included. Twenty samples were prepared as follows :— 

Young human enamel—samples I, 2, 3, 4, 6, 6, 7, 8, 9. 10,11, 14,16. 

Adult human enamel—samples 12, 13, 17, 18, 19, 20. 

Enamel from deciduous teeth—sample 16. 

In sample 14, the enamel was taken from the aides of the crown only; this 
was done in order that a more accurate comparison with adult human enamel 
might be made, as, owing to attrition, no filings could be taken from the occlusal 
surfaces of the teeth from which such samples were made. In samples Nos. 9 
and 16 errors in technique were discovered during the tests, so they were dis¬ 
carded, and in samples Nos. 19 and 20, between preparation and testing. 
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oontaminatioi} with some foreign matter obvious to the naked eye was 
diBoovered, so these also were discarded. 

Part 3.—Chemical Tests. 

In every case, other than the qualitative estimation of nitrogen, controls 
were made in order to test the purity of the reagents used and the freedom of 
apparatus from contamination 

I. Estimation of Nitrogen, QmlitcUively. — 0-6 gram of the enamel (samples 
1 and part of 2, young human enamel) was fused with metallic sodium ; this 
was dissolved in water and the resulting solution evaporated to dryness with 
a little ammonium sulphide ; this was acidified with hydrochloric acid and a 
solution of ferric chloride added. No red coloration was produced. This 
indicates that the percentage of nitrogen must be below 0*1 per cent., 
equivalent to 0*638 per cent, of protein. 

II. Estimation of Nitrogen^ by Kjeldahrs method (samples 3 and 4, young 
human enamel).—If the proportion of nitrogen present is in excess of 0*04 
per cent., this method would indicate it. 

The samples of enamel were heated with concentrated sulphuric acid containing 
potassium sulphate. This solution was neutralised with sodium hydrate and 
excess of sodium hydrate added. The resulting solution was distilled and the 
distillate coUected in 20 c.c. of 0*1 N hydrochloric acid. No acid was found to 
be neutralised. 

Considering the quantity of enamel taken and the degree of accuracy possible 
with the apparatus used, the percentage of nitrogen present must therefore be 
less than 0*04 per cent., corresponding to an organic content of less than 0*25 
per cent. 

III. Estimation of Nitrogen. QmrdiMwely.-^^o estilnate quantitatively 
the amount of nitrogen in the enamel a more sensitive method was therefore 
essential. The method as in II was adopted, but the ammonia content of the 
distillate was estimated oolorimetrically by means of Nessler’s solution. 

The delicacy of this test is such that it will indicate the presence of 0*000005 
gram of nitrogen, which, considering the weight of each sample to be about 0 * 4 
gram, gives a sensitivity of 1 per 80,000, or a percentage of 0*00125. of 
nitrogen. 
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The. results are appended : — 


Number and naturr of Hanijilt'. 


5 tind part of 2, yovmg enamel 
8, ditto 

12 and 13» adult ciimmol . 

14, young onarael fnjm HtdfK of crown 

only . 

10, dooiduouM tooth . 

17, adult ©nanru^l 

18, ditto 


1 weight of 
; Bample. 

i 

Peroentage 
of NHv 

Petoautago 
of N. 

Percentage 
of protein 
(factor 6*38). 

1 

1 gtMIX. ! 

OS288 1 

i 

1 

0 026H , 

0 022 

014 

0-3024 

0-028 1 

1 0-023 

fl-ie 

0-8092 

0-027 

0-022 

0-14 

0-4529 

; 

0-020 

0-02 

0-14 

0-3833 

0 028 

0*028 

0-16 

0-8968 

0-028 

0*028 

0-16 

1 0-3678 

i 

; 0-028 

0-023 

1 

0-16 






IV. Edimatim of Carbon, Quimtiiutivdy, - Tlie oiuimel samples wert‘. flamed 
in a glass dish, dissolved in hydrochloric acid, and the solution evaporated to 
dryness on a water-bath. To the residue, about o c.c. of strong hydrochloric 
acid was added and the solution again evaporated to dryness. 

Thus all carbon pn^sent as carbonate w^as removed. In order to detect the 
presence of carbon in the dried residue an apparatus was used which had been 
designed by Dr. W. H. Pattoraoii, of the East Loudon College, for work of a 
similar nature. Dr. Patterson placed kis apparatus and skill in its use at our 
disposal, for which we make grateful acknowledgment. 

The aj)purutu 8 {see figure) consists of a furnace P heated electrically to 1000° 
C., a Sprengel pump JKLM, and an apparatus for measuring the evolved gases 
BCDEF. The residue was placed in P and oxygen passed through the apparatus, 
the oxygen escaping at I. Sufficient oxygen was then withdrawn by lowering 
N to reduce the pressure to about 380 mm. of mercury, as shown by the rise 
of the mercury in tube H. The tube H was then placed under the collecting 
tube G, and the temperature raised to about 1000 ° C. The evolved gas was 
transferred to the measuring tube C. This was done by altering the level of 
the tubes D and E and by the use of the taps T 4 , Tj and Tg. A Uttle water 
was passed into C to remove any hydrochloric acid gas. The carbon dioxide 
was measured by absorption in the potash bulb A. in all cases a small amount 
of f^ric chloride was found in tube Q, thus demonstrating the presence of 
unavoidable contamination.’' The results are appended 
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Number and nature of t»amplo. 


Weight of , 
fiample. f 


Volume 
of 00,. 


I Percentage 
! of carbon. 


I Peroeutage 
of protein 
1 (factor 1 ‘fib). 


6, young human enamel 

7, ditto . 

10 and n, ditto . 


gram. j 

c.o. 

j 

0*18 

0*4335 

0*87 

0-098 I 

0-3978 1 

0*85 1 

O-H ! 

0*21 

0-8t0(» 1 

1*73 1 

1 0-M 1 

0*21 
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Oonchmons, 

1. Human enamel contains a small quantity of organic matter. 

2. The maximum amount of protein present calculated from the highest 
amount of the nitrogen content found is therefore 0*15 per cent. 

3. The maximum amount of protein found calculated from the highest 
amount of the carbon estimation is therefore 0*21 per cent., but the presence 
of free iron giving carbon as “ unavoidable contamination ” must here be taken 
into account. 

4. The remarkable fact emerges that the organic content of the samples 
appears to be independent of the age of the teeth or the dentition (deciduous 
or permanent) from which the samples were obtained. 

6. The high carbon : nitrogen ratio of 0*10 : 0*027, i.e., 3*7 instead of 3*3, 
the usually accepted figure for protein, may be accounted for by the fact that the 
samples used for the estimation of carbon were not entirely free from iron, 
which contains about 1 per cent, carbon in combination. 

These findings, then, confirm, but with tests of greater delicacy and accuracy 
and by quantitative means, the work of Tomes in 1896. Tomes wrote, I 
find none, or not enough to amount to a weighable quantity.’* He did, how¬ 
ever, find a trace (qualitatively), less than 0*26 per cent.** 
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I,— Introdicction. 

In tho course of investigations on the incidence of disease in apples stored at 
low temperatures, which have been in progress since 1920, it soon became evident 
that a regular series of fungal species appeare<l successively during the period 
of storage. It seemed desirable to investigate the problem more closely with 
a view to disentangling the factors concerned in the succession. The first 
method employed for the purpose consisted in taking a periodical census of the 
population of apples and noting the number of ajiples “ invaded and “ not 
invaded.” The need for improvement on this method of studying fungal 
invasion became clear in the course of the investigation, and led to the develop¬ 
ment of the technique, described in the present paper. The method of the 
periodical census has been utilised by M. N. Kidd (1) who has constructed 
curves of the progress of fungal invasion and from them has derived “ mortality 
curves.” The interpretation of these “ mortality curves ” is, however, some¬ 
what difficult, representing, as they do, not only the effect of varying resistance 
in the apple, but also the interaction of this factor with the chances of casual 
mfeoticn, which includes the varying powers of penetration possessed by 
different species of fungi. The distribution of the two classes of apples 
** invaded ” and “ not invaded,” depends on the interaction of three factors: 
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(1) the conditions of infection, (2) the progress of invasion after infection, and 
(3) the final stage of invasion. The bearing of these factors on the problem of 
invasion of apples will now be briefly considered. 

(1) Unless precautions are taken to ensure equal chances of infection by 
xitilising a sound technique of inoculation the problem of the incidence of disease 
in stored apples is confused by factors such as the unequal distribution of 
infecting organisms in individual apples of the population, the unequal dis¬ 
tribution of spores on individual apples in relation to the distribution of the 
lenticels or other |)oints of entry, and so on. The method employed in the cours(^ 






xmi 




(2) It is the problem of the progress of disease after infection which will be 
mainly dealt with, and the method of study will be fully described subsequently 
in this paper. It is clear, however, that the method previously employed 
takes no account of the degree of infection, and indeed the assessment of the 
virulence of two species or strains of fungi will depend on the time at which the 
census is taken, and should the onset of the invasion be much delayed after the 
entry of the fungus the main progress of the invasion may be altogether missed, 

(3) In the course of the investigation it became clear that after the primary 
infection the further development of the fungus may be an*ested for a 
long period of time although the fungus remains viable. Such arrest 
of invasiofi, which has been called ** interference ” in this paper, was previously 
noticed in studying the '' spotting ” of apples (3) and has been met with on 
several occasions in the course of this work. This “ interference ” must be 
taken into account in assessing the virulence of particular species or strains. 
The phenomenon is always confined to a varying proportion of the total number 
of apples in which rotting is checked in the early stages of invasion, while in 
the remainder invasion proceeds normally to completion. Unless the course 
of the invasion is followed in such cases an entirely erroneous conclusion will be 
reached, since by mere inspection apples showing ** interference ** would be 
plaoed in the class not invaded.” 


IL —The Material Vaed. 

The varieties of apples used throughout this investigation were Cox’s Orange 
Pippin from Burwell, Cambridgeshire and Bramley’s Seedling from six localities. 

The fungi principally used were originally isolated from apples as previously 
described (3, 4) and consisted of Batrytis sp., Oytoaparim ludi&tinda, Fmarium 
sp. (6), Pleospora pomorum and Palyopeua mreua. 


Fungal Invasion of Apple Fruit 


429 


in .—The Experimental Method. 

At the time of gathering, were selected as far as possible of uniform 

size and free from obvious blemishes. They were then infected at two opposite 
equatorial points by the standard method already described (2) and transferred 
as soon as possible to the Low Temperature Station, Cambridge, where they 
were kept under constant conditions of temperature and hiimidity. For this 
work two temperatures were mainly employed, viz., 3^^ C. and 12° C, From time 
to time batches of inoculated apples were despatched from Cambridge to London 
for examination. The apples were then individually weighed and the super¬ 
ficial diseased areas on the two sides were either measured, or the diseased tissue 
removed and weighed. The measurements taken of the two diseased areas 
were the mean diameters, obtained by averaging the lengths of two diametral 
arcs at right angles. The weight of the diseased tissue was obtained by carefully 
scooping out the decayed areas on each side in turn and weighing the apple 
after each operation. When invasion was nearly complete it was not possible 
to record the weights in the two sides separately. 

In cases where ‘‘ interference ’’ had occurred it was found that the rotten 
tissue had dried out and hollow spaces were left inside the apple. In order to 
estimate the extent of the invasion prior to drying in such cases, the volume of 
the hollow was measured by filling with water from a burette and so obtaining 
the volume. The specific gravity of the apple tissue was then determined and 
these volumes were converted into weights. 

In all doubtful cases where contamination was suspected the causal organism 
was re-isolated, and unless the original infecting fungus was recovered un- 
asflociated with others, the apple was rejected. 

The results licre recorded are based on a sehsetion from experimental data 
involving 16,000 separate inoculations, which were carried through by com¬ 
petent helpers. *•* The main body of results will be dealt with in a second paper 
(Part II). 

IV.—-A Method of Treating the Primary Data for Statistical Purposes. 

The kinds of problems which will be dealt with in the second part of this papei* 
are as follows 

(1) Comparison of the infecting power of different species and strains of fungi 
in apples of a given variety. 

* The authors* thanks are due to Mrs. Cartwright, Mrs. Harvey and Mrs, Home for the 
skiffol and eMoient way in which this work was done. 
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(2) The resistance to invasion of different varieties of apples to certain fongal 
species and strains. 

(3) The change in resistance undergone by apples during storage and during 
the course of invasion by fungi. 

The infecting power of the fungi must be assessed from the amount of damage 
done in a given time, or the time taken to do equivalent amounts of damage. 
Three possible measures of the damage done will be considered : (a) the super¬ 
ficial area of discoloration ; (6) the weight of rotten tissue produced in a given 
time, either as absolute weight or as percentage of the weight of the apple; 
(c) a measure derived from the weight of rotten tissue, which will be called 

radial advance/’ 

The method of assessing the amount of damage by the measurement of super¬ 
ficial areas was used for one experiment only, before the weighing method had 
been tried. It was abandoned, since it was found that the area of discolora¬ 
tion apparent on the surface was in many cases smaller than the real affected 
area, a thin superficial layer of soimd tissue being left just below the skin. 

The weight of rotten tissue may be accurately determined, but the following 
considerations indicate, however, that the weight of rotten tissue is not an ideal 
measure to employ. 

It has been assumed that infection proceeded from two points at the opposite 
ends of a diameter in the equatorial plane of the apple, and that the advance 
has followed spherical shells centred at the points of infection. The further 
assumption has been made that the apple is spherical in form and is uniform 
throughout. If the apple were a sphere of unlimited size and invasion proceeded 
at a uniform rate then the mass of decayed tissue would increase as the cube 
of time. 

Actually the ap]fie approximates to a sphere of very limited size compared 
with the infected volume and hence only in the very early stages would this 
relation hold. The curve of total mass of decayed tissue plotted against time 
is in fact of complex sigmoid form. It can be shown by geometry that in a 
sphere of radius R, when the front of the invaded zone has reached a certain 
distance from the point of inoculation, where x is the distance divided by the 
length of the radius of the sphere, the volume (V) of affected tissue may be 
expressed by the equation 

V=^EVr8-3a5], 

when « — 2 this becomes V and is the total volume of t^e sphere. The 

distance from the point of inoculation to tire front of tiie invasion, ezpeased as 
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a fraotdon of the raditis, will subsequently be called “ radial advance." Taking 
the total volume of the sphere as 1, the proportion (v) of the total volume 
affected will be given by 

^ 16 

This relation holds only when invasion proceeds from one point on the surface 
of the apple. When two points of infection are considered, the proportion of 
the total volume affected will be double the amount calculated from the formula 
in the early stages, until the advancing fronts of invasion meet at the centre of 
the sphere, when 63 per cent, of the total volume has been invaded. After 



Flto. 1.—-Cmwe showing the relation between tbo percentage of rotted tissue and radial 
advsttoe, eaqimsed as a fraction of the radius. A, for apples inoculated at one point, 
B, fm* apples inoculated at two points, C, early part of curve B enlarged 10 times. 
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this, overlapping will oocui and a oorreotion has to be made for the vcdame ol 
overlap, as propoition of total volume of sphere, given by the expression 



Fig. 1 shows the curve of percentage volume of mass rotted (v) plotted against 
x(x ^ radial advance) for a sphere inoculated at one and two points respectively, 
and in Table I the values are given of the percentage mass (V) rotted for 
increasing radial advances. It is evident that complete rot corresponds to a 
penetration of 1 *4 {--= VS) times the radius. 


Table I. Kelation between Kadial Advance and Percentage of Apple rotted 
for one and two Points of Inoculation. 



V — Peroontage oj 

apple rotted. 

X ™ Kadial advance. 

1. ]K)jut of inoculation. 

2 points of inoculation. 


Percent. 

Per cent. 

iG 1 

04)48 

0 096 

0*2 

0-37 

0-74 

0*3 

1-20 

2-40 

0-4 

2-72 

6*44 


ri08 

10 18 

OG) 

8-37 

16-74 

C'7 

l2*6o 

26-30 

0-8 

17-92 

36-84 

0-9 

24-IG 

48-30 

I 

31-60 

83-00 

]\ \ 

39-1 

78 • 0 

1-2 j 

47-6 

87*2 

1 ‘3 1 

50 •» 

98-4 

1*4 ! 

05-2 

KM) 

i-r> » 1 

7.3-8 


1 C 

82-4 


1 -7 

89‘J 


J 8 

94-K 


1-9 

98-0 


20 

PH) , 

• 1 



If the conditions of invasion approximate to those assumed in developing 
the equations given above, it is clear from the figuies in Table 1 that equal 
inortnnents in radial advaiuie do not represent equal inci'cments in percentage 
mass of rotten tissue. Hence if invasion is proceeding at a uniform rate t}i<> 
relation of j>ercentage amount of rot, hence also the weight of rotten tissuei 
produced in two equal increments of time will depend on the particular stage of 
invasion at which the comparisons are made. Further the relations of ammmts 
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of rotten tissue will depend on the size of the apples inoculated, and if relative 
vtralence is estimated by comparison of weights of tissue rotted, errors will be 
introduced unless a correction for size of apples is made. An example of the 
magnitude of the errors liable to be introduced by the effect of size of apple 
is shown in Table II. 


Table IL—Errors introduced into Comparison of Invasion by Effect 

of Size of Apple. 



Percentage weight of rot. 

1 

Badial advance 




in cm. 

Cox'a Orange Pippin. 

Bramley's Seedling. 

Ratio. 

cm. 

Per cent. 

per cent. 


0-6 

0*666 

0*264 

2*68 

10 

4-88 

1*92 

2*64 

1*5 

16*05 

6*10 

2*47 

20 

32-38 

13-68 

2*38 

2-6 

66*84 

24-78 

2*29 

30 

87*14 

39*80 

2*19 


98-62 

68-40 

1*69 


Weight 

of rot. 

Percentage 

difference. 

cm. 

cm. 

cm. 

Per cent. 

0-6 

0*116 

0*119 

3*4 

10 

0*868 

0*896 

4*4 

1*5 

2*646 

2*846 

7*6 

20 

6*691 

6*336 

11*3 

2-6 

9*990 

11*661 

16*7 

30 

16*32 

18*67 

21*2 

8*6 

17*33 

27*26 

67*2 


Moan radius Cox's Orange Pippin, 2*6 cm.; Bramley’s Seedling, 3*6 cm. 


Two varieties, Cox’s Orange Pippin and Bramley’s SeedHng, are being com¬ 
pared. The mean radii for these varieties are Cox’s Orange Pippin 2*6 cm., 
Btsmley’s Seedlings 3*6 cm. In the table are presented relative absolute 
and percentage weights of rotten tissue for these two varieties of apples invaded 
by a fungus assumed to be equally active in both varieties, when radial advance 
has proceeded for distances given in the first column of the table. In this 
hypothetical case the fungus is known to be equally virulent in either variety, 
yet by oomparing either the- weights of rotten tissue or the percentage weights 
a wrong estimate of virulence would result, and the errors involved would 
depend on the stage of invasion at which comparison was made. 

This efieot of absolute sise of apples invalidates the use of absolute or per- 
cwatsge weights of rotten tissue in oomparing the virulence of a given species 
VOL. on.— B. 2 k 
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of ftmgus in apples of the same or different varieties if these diff^ in absolute 
i^e. An ideal measure of invasion should be independent of the siae of the 
apple, and moreover should give equal numerical values for equal intervals of 
tone, i{ the rate of invasion remains constant. In so far as the assumptions 
made in deriving the radial advance from the percentage weight of Apple 
affected are justified, radial advance will successfully eliminate the effect of 
absolute size, and will give equal numerical values for equal intervals of time if 
the rate of invasion of the fungus is constant. The primary data derived from 
weight of rotten tissue can therefore by conversion to radial advance be used 
to compare the course of invasion by fungi even where the rate of invasion 
differs in two cases, or apples of different sizes are used. Further, any change 
in resistance will be reflected in a rise or fall in magnitude of the rate of radial 
advance, and in no other way could changes in resistance during invasion be 
followed. 

The method of dealing with samples which was finally adopted was as follows. 
The sum of the weights of rotted tissue recorded from the two sides was first 
converted into percentage of the total weight of the apple. From the curve 
in fig. 1 the percentage data were converted into percentages of radial advance. 
From the weights of the individual apples and the specific gravity characteristic 
for the variety of apple, the mean radius in centimetres of the apples constituting 
the sample was calculated, and this figure multiplied by the mean radial advance 
measured the penetration in centimetres. In this way apples of different sizes 
could be compared and the rate of invasion calculated over different periods of 
time and with different fungal species. The probable error of the figures 
obtained from each operation was calculated, and hence the probable errors of 
the final figures for the rate of invasion were known. 

t 

V.— The Distribution of Radial Advance and Percentage Weight of Rotted Tissue 
in Random Samjdes of Apjdes. 

Is practice the fn'ogress of invaaion in a ooiform set of apples hy a given specieB 
of fongus is followed by taking samples at diflereat times and detaminiog 
the amount of rotten tissue in each apple by the method of weighing already 
indicated. Although the apples are originally selected as unifonn as possible^ yet 
in any one sample large variations in weight of rottm tissue from the individuid 
aisles are invariably found. These diSerenoes in the amount aSected may be 
attributed to variations in resistance to invasion in individual a^les. Con¬ 
sidering two apples of different resistance inoculated with the same fungus, it 
may be assumed that the radial advance will be inveisriy proportioBal to ,ti|e 
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uisittamm of tihe two apples*'*' From the distribution of radial advance in a 
aei of apples some information may be derived as to variation in resistance in 
individital apples in a sample. Since the resistance cannot be directly measured, 
its nature being unknown, and its magnitude being assumed to be inversely 
proportional to rate of radial advance, any conclusions as to resistance will 
depend for their value on the validity of the assumptions made in deriving 
radial advance from the experimental data of weights of rotten tissue. It may 
be well therefore to present evidence that the distributions of weights of rotten 
tissue in samples of apples of varying resistance actually conform with those 
expected if the conditions of invasion approximate to those postulated in the 
geometrical treatment of the invasion of a uniform sphere. 

In fig. 2 is presented a set of distribution curves embodying the data from five 



Fia. Distribution curves of percentages of weight of tissue rotted in samples of apples 
arrttnged In serial order of increasing weight, for comparison with the theoretical 
dkttibotions In fig. 3. 

t ^ CkuE's Orange Pippin W 0., ld24r-25. FuwHum strain Bll. 

% Bramley's Seedling, 12'' 0., 1904-26. Fusarium strain 021. 

4 = Cox’s Orange Pippin, 10" C., 1924-26. Fusanum strain A. 
ft ast Cox’s Orange Pi|^, 12" 0., 1924-25. FitsaHum strain Cl. 

5 ^ Cox’s Orange Pippin, 12" C.* 1926-26. Borrow sp. 

^ This will only be true up to the limit at which the fungus is growing at the maTjiu um 
ildie oonditioiie^ by interna) factors. 


2 K 2 
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sheeted experiments. The ordinates are the petoeutage wei^ihi vat hcom 
each individual apple in the sample, which have been arranged in aerial order 
^OQg the abscissa. The various curves indicate the distribution of petoentafe 



Fiq. 3.—^Theoretical distribution curves of percentage weight of tissue rotted, smoged in 
serial order, for apples of varying resistance after suooessive equal intervals of time 
( 1 - 8 ). 

weight of rotten tissue in individual apples for samples in which the invasion has 
proceeded to varying extents towards completion. These curves may be 
compared with thooe in fig. 3 which are purely theoretical and were oonstmoted 
in the following manner ;— 

Five hypothetical apples were considered characterued by rates of radial 
advance, for an assumed fungus, 0*3, 0‘25, 0*20, 0*15 and 0*10 of the radius 
per unit of time respectively. The reciprocals of these values would give the 
relative magnitudes of the resistances of these hypothetical apples. The aj^es 
have been arranged in serial order of increasing radial advance, the apjde of 
^ghest resistance being on the loft of the diagram, the others bong placed in 
order of decreasing resistance. Taking times 1, 2, 3, 4, etc., the radial advanoes 
after successive periods of time were found, and from the ourve in %. 1 these 
values of radial advance were converted into the corresponding peroentegee 
of rotten tissue. ; 
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It » tiie values of percentage of apple rotted which are presented as curves 
in fig. 8, each curve being marked with the period of time elapsed. The curves 
thus represent distribution curves of weight of rotted tissue, arranged in serial 
order for a given set of apples, after the lapse of varying periods of time ; or 
they may represent equally well distribution curves w^hich would be obtained 
after a given period of time from sets of apples, all of the same kind, but infected 
with fungi of different virulence. The resemblance of the theoretical and 
experimental distribution curves* lends some probability to the validity of the 
simplifying assumptions introduced into the geometrical considerations of the 
problem of invasion. Frequency distributions of percentage weight of rotten 
tissue and of radial advance in a large population of apples are shown in figs. 
4 and 5. 



in terms of percentage weight of rotted tissue. 


Cox’. Orange Pippin J 

/ 3° C., 192fi-26 ^ 

rl 2’ C., 1926-27 ‘>1 

Bwuadfiy’s Seedling -i 20* C., 1926-27 >Cyto8porinu, 

120* a, 1927-28 j 

rigid test of the similarity of the curves in figs. 2 and 3 would require an independent 
uwssure cl the miitanee in individual apples. The only assumption which has been made 
is ^t xesiitance does vary in Individnal apples, and that the individuals in a sample can be 
sitsiiged in a eerial order of increasing resistance. 
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The data were derived from 301 apples in five samples, three seta of Oeife 
Orange Pippins (177 apples), and two sets of Bramley’s SeedHt^ (1^ 



Fio. 5.—Frequency distribution of invasion in the same set of 301 inoonlated aj^^ea 
measured in terms of radial advance. 


The figures for percentage weight of rotten tissue were divided into 10 daaees 
each covering a range of 10 per cent., and a frequency distribution was made 
of the number of apples falling into each class. This is presented in fig. 4. 
The percentage weights were then converted into radial advance, and the figures 
thus obtained divided into seven classes, each covering a range of 0*2 radial 
advance. The numbers of apples in each class are shown in fig. 0. 

The distribution of percentage weights is seen to be highly w^fmmetnoai, 
while radial advance distribution is only moderately asymmetrical. Thestaodaid 
errors of the means of the two distributions are 5*02 per cent, for petoratage 
weights and 2-23 per cent for radial advance respectively; hence mean radial 
advance of a sample may be estimated with twice the accuracy of peioMitage 
weight of rotten tissue. In addition, therefore, to the advantage which racBal 
advance has over weight of rotten tissue as a measure invasion in eliminaitiiqg 
the effect of size of apple and the stage of invasion reached, the added advantage 
of greater accuracy is obtained, so that sam;^es of one<half the sue may be 
used without loss of efficiency. Since distributions departing Ihigefy ham 
symmetry are statistically inconvenient, the treatment of the restdts el the 
eiqperiments to be reported in Part II of this paper would seem to foqoita flte 
choice of radial advance as the working variate. 

The distribution of radial advance itself, however, tends to become iaoMaailig^y 
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asymmetrical as invasion proceeds towards completion. Increasing numbers 
of apples will fall into tbe class 100 per cent, rotten (radial advance 1 -4), and the 
mode of the distribution will shift gradually towards the highest class, in which 
the majority of apples are finally found, simply because invasion can advance 
no further. It is evident then that for purposes of comparing the effect of given 
species of fungi on different varieties of apple, or comparing the virulence of 
fungal species or strains on the same variety of apple, the sample should be 
taken not later than the time when one of the series first shows a completely 
rotten apple. 

From the foregoing considerations it is evident that radial advance provides 
a convenient scale in which to measure the individual resistance of the apple 
to fungal invasion, and defined in this way resistance is seen to be distributed 
in a nearly normal manner in a population of apples. 

VI .—Evidence for the Specific Nature of Eemtance to Fungal Invasion, 

At this point it may be well to give evidence for the specific nature of varia¬ 
tions in resistance in a population of apples. If the resistance within a popula¬ 
tion of apples varies, it might be exj)ected that difference in resistance within 
an individual apple would be less than in any two apples taken at random. 
This has been confirmed by estimating the correlations between radial advance 
of a given fungus on two sides of individual apples as well as the correlations 
between weights of rotten tissue derived from the two sides. The data are 
presented below (Table III). Two varieties of apple have been used at two 
different temperatures, tested with three fungal species. The correlations for 
percentage weight of rotten tissue are enclosed in brackets. The correlation 
ooefficients for radial advance are all positive and significant, and are in every 
case greater than the corresponding values for percentage weight, reflecting 
the smaller standard deviation of radial advance. 

The correlations provide dear evidence of the specific value of resistance in 
individual apples. 

Although the correlations so far presented indicate that the resistance at 
one pole of an apple tends to be similar to that at the opposite pole, examina¬ 
tion of a set of data giving individual weights of the rotten tissue from the two 
sides xev^eald striking differences. It seemed possible therefore that the resist¬ 
ance of an individual apple might vary greatly from point to point around the 

' To test this point a set of 20 Bramley’s Seedling apples was taken and each 
was inoculated at four points equidistant around the circumference. The 
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reaultB as determined in terms of radial advance after storage fat 17 days are 
given in Table IV. 


Table III.—Correlation between Estimates of Invasion on two Sides of 

Individual Apples. 


Season. 

Fungus. 

1 

1 

1 

Tempera¬ 

ture. 

Variety of apple. 

Correlation 

coefficient 

(0. 

! 

No. of 
appka. 



C Fusarium, Strain D. 

® C, 

12 

Bramley’a Seedling 

/(+0-603) 

\ -fO-874 

\l9 



Botrytis. Sample I 

,3 

1 

Cox*s Orange Pippin 

/(+0-479) 

1 +0.598 

^20 

1925-26 

.1 

BotryiU. Sample II . 

3 

Cox’a Orange Pippin 

/(+0‘597) 

\ +0-655 

\iri 



Cyto^porina. Sample II 

3 

Cox's Orange Pippin 

/(+0-428) 

\ +0*657 

\l6 



Cyioaporina. Sample I.... 

3 

Cox’s Orange Pippin 

/(+0*610) 

\ +0*662 

^20 

1924-25 

CutMTiorina .1 

3 

Bramley’s Seedling .... 

r{+0-566) 

\26 



\ +0-717 



1 

Mean .. 


^116 


■ Table IV.—Eadial Advance at four equidistant Points in Individual 
Apples Inoculated with same Fungus. 




b. 

< 5 . 

d. 

I 

0-26 

0*26 

0*22 

0-28 

2 

0*28 

0*24 

0-24 

0-27 

3 

0-41 

0*30 

0*37 

0*88 

4 

0-37 

027 ■ 

0-28 

0-23 

5 • 

0*41 

0*28 

0-26 

0-27 

6 

0 43 

0*28 

0*28 

0-29 

7 

0*39 

0-26 

0-27 

0-30 

8 

0*37 

0*22 

0-88 

0*24 

9 

0*44 

018 

0*38 

0*33 

10 

0*47 

0-28 

0*38 

0*28 

11 

0*54 

0*40 

0*48 

0*29 

12 

0*36 

0*30 

0*32 

0*28 

13 

0*46 

0*83 

0*36 

0*82 

14 

0*50 

0-28 

0*36 

0*28 

15 ! 

0*46 

0*28 

0*40 

0*86 

16 

0*60 

0*56 

0*46 

0*40 

17 

0*54 

0*42 

0-44 

0*87 

18 

0-41 

0*37 

0*28 

0*83 

19 

0*62 

0*39 

0-28 

0*39 

20 

0*62 

0*28 

0-88 

0*42 

Mean . 

0*443 

0*309 

0-340 

0*816 
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In eftoh case,the figures are the radial advances occurring at the four points 
(a, 6, 0 , d)y the highest value recorded in each case being placed first (a), and the 
rest in serial order around the circumference. The mean values show an alterna¬ 
tion of high and low values. The mean value of the figures in column c is 
necessarily lower than the mean value of those in column a, since the highest 
values have arbitrarily been selected and placed first. From these figures it 
is possible to test more rigidly the relation of the resistances of opposite sides 
of individual apples. 

In order to test this point correlations were calculated between radial advance 
in column a and the values of each of the other columns in turn. The results 
are as follows :— 

^ab ^ 0*680 

= +0*742 y 
^'ad +0*679 J 

All these correlations are positive and highly significanti indicating again 
that the resistance within an apple tends to a specific value. To test whether 
the alternation in high and low values in columns 6, c and d, as indicated by the 
means, is significant, the effect of the variation in resistance at the point (a) 
was eliminated, so that the relations of the resistances at the points (6), (c) and 
(d) were found for apples of equal resistance at the point (a). The partial corre¬ 
lations and were therefore calculated with the following results:— 

rbc.a == —0*102 I 

-0*159 ^ 

These values are quite insignificant and indicate that in apples of equal 
resistance at one point no real difference on the average^ exists between the 
resistance at any two other points roimd the circumference. This result was 
confirmed by taking differences between the figures in columns 6 and c and c 
and d, and testing by Student's method. The evidence for the specific value 
of resistance in individual apples is thus seen to be cumulative. 

The final test made was to inoculate apples at two opposite points (a and c). 
The invasion was allowed to reach a certain stage and then the rotten tissue was 
removed and weighed, and the holes sealed with wax. The apples were then 
reinooulated at the alternate points {6 and d) and after a time the amount of rot 
determined as before. The results are given below in Table V. 
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Table V.—Radial Advance following two SucoOBaive InocolatioiMii of Bune 

Individual Apples. 


* 

Kadial advance 
after fir»t inoculation. 

16 days. 

Radial advance 
after second inootiUiion. 

10 days. 

1 

0-47 

0*46 

2 

0-46 

0*31 

3 

0*44 

0*30 

4 

0*40 

0*30 

5 

0*34 

0*26 

0 

0*34 

0*20 

7 

0*84 

0-28 

8 

0*27 

0*22 

9 

0*24 

021 

10 

0*24 

0 22 


A correlation coefficient was determined between the radial advance resulting 
from the first and second inoculations, respectively. The value found was 
f =es -|- 0-816, which agrees very well with the values previrmsly detemuned 
for correlation in resistance between the halves of sin^e apples. The value 
has a significance greater than 100 to 1 (6) and finally proves the specific value 
of resistance in the individual apple. 

There still remains the remote possibility that variations in invasion were due 
to changes in the fungus. To test this, the organism was re-isolated from a^ee 
lowing extreme variations in attack (100 per cent, and 0*4 per cent, of rot). 
No marked difierences could be detected in the vigour of the fungus as measured 
by its growth rate on a standard synthetic medium; and such differences as 
were found bore no rdation to the amount of rot at the point from which thefungm 
wat ro'iaolated. 

The results obtained from further applications of the statutical method 
described in this communication will be presented in the Becoad paper of tiiis 
seriee, when certain specific problems connected with the resistanee of apfdes 
to fungal invasion and the virulence of fungad strains will be oonndered. 

VII.— Summary. 

1. A standard technique is described for studying tiie invaekm cd of 
different varietieB inoculated with various species of fiingi. The mmsko has 
been studied during various periods of storage life and at difiment tempemtuass. 

2. The primary data ate derived from upwards 15,000 inocndatiions and 
consist of the weights of rotted tissue derived from individnal a^des. . It is 
shown that, since invasion occurs in a sphere of limited sise, aoom^azrelati<m 
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Isolds between the weight of tissue rotted and the penetration of the fungus. 
In coiisequence of this the weight of rotted material obtained during two conse¬ 
cutive equal periods of time will not be equal, even though the penetration of 
the fungus is at a uniform rate, A method has been devised which takes into 
account this complex relationship, and a new measure ‘‘radial advance” is 
calculated which is constant over equal intervals of time when invasion is pro¬ 
ceeding at a uniform rate, irrespective of the stage of invasion reached. 

3, The percentage weights of rotted tissue derived from individuals in a 
sample of apparently uniform apples are found to vary over a wide range. 
The distribution of percentage weights with a givnn fungus is shown to be 
highly asymmetric, while the same data converted into radial advance give a 
distribution only moderately aB}Tnmetric. The standard error of the mean of 
radial advance is shown to be less than half that of percentage weights, indicating 
a great gain in accuracy in the use of radial advance as a measure of invasion. 

4. The rate of radial advance provides a convenient scale in wliioh to measure 
the resistance to invasion in individual apples. 

6 . It is found that each individual apple in a sample has a characteristic 
resistance. This is shown by:— 

( 1 ) The high positive correlation obtaining between the radial advance at 
the opposite sides of individual apples inoculated at two or four points 

r = + 0'694 (2 points, 116 apples), 
r = 4 - 0*742 (4 points, 20 apples). 

( 2 ) By the high correlation found to hold between the radial advances obtained 
from two suooessive inoculations of the same individiials by the same fungus;— 

r as 4 . 0*816 (10 apples). 
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1.— Introduction* 

In the previous paper (1) a method was developed for studying quantitatively 
lihe process of invasion of apples by fxmgi inoculated into them. It was there 
shown that the method is capable of yielding a measure of the amount of 
invasion (radial advance) which is independent of the size of the apple used 
and of the time of duration of the experiment. The distribution of radial 
advance in populations of apples was studied and it was shown (1) that the dis¬ 
tribution of radial advance* (in terms of which resistance to invasion is measured) 
is not highly asymmetrical if measured at the right stage of invasion, (2) that an 
individual apple is more uniform with respect to resistance than are any two 
apples selected at random. It is shown in the course of the present paper that 
by utilising radial advance as a measure of invasion the change in resistance 
to the attack of fungal species during the period of storage can be followed. 
A comparison is made of the virulence of certain fungal species or strains and of 
the variation in resistance to fungal invasion shown by different populations of 
given varieties of apples during stori^. The significance of these comparisons 
has been estimated by the calculation of probable errors, which was shown to be 

* Besistsnoe has been assumed to be inversely proportioiial to U)e rate ol radial iidvatrae. 
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legitimate in the previous paper. Finally the bearing of the resulte obtained 
on the problem of disease resistance is discussed. 

IL —The Tirm Sequence of Invasion for Selected Fungal Species* 

Some information had already been obtained in 1921-22 on the behaviour 
of certain selected fungi. The results attained at that time were based on 
periodic counts of the number of apples showing externally marked signs of 
invasion (using samples of 10 apples). In fig. 1 which is a selection of curves 



nmeindoys 50 100 150 200 250 

]pjQ. 1, —^Time suooeasion In percentage of apples in a sample showing invasion by various 

species of fungi. 1® C. 


already published (2) the differences in the time of onset of the main invasion 
are seen to vary greatly for the different species employed, and for this reason 
some of these species have been selected for further work. As far as the experi¬ 
ment of 1921-22 went it clearly established the fact that the successional 
invasion of fungal species observed in apples in cold store was not due to a 
failuro of infection, but to a check in development after infection had occurred 
(8). It seemed desirable, however, to investigate by a more exact method the 
relation between parasite and host during the period of delay in invasion. 

The species selected for further study were (1) Pleospora pomorum, (2) Polg- 
opms awreus, (3) Fusarium strain A, (4) Cytosporim ludibunda, (5) Botrytis sp. 
These were ^own on Cox’s Orange Pippin apples, obtained from Burwell, 
Cambridgeshire. One thousand apples were selected and divided into two 
batches of 500 each. Each batch was inoculated with the five specified fungi 
(100 apples each). With the fipcst set the inoculations commenced on October 
19 and ended on October 23, 1926, using the fungi in the order given above, 
li^is set was despatched to the Low Temperature Station, Cambridge, on 
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October 26 and placed at 12^ C. The second set ^as inoculated exactly one 
week later, using the sazne fungi in the same order, and despatched to 
Cambridge on November 2. These a pies were stored at 3^ C. 

Each set of 100 apples was divided at random into 6 samples of 20 apples 
each before despatching the set to Cambridge* Five samples (one for each 
fungus) were returned to London at more or less regular intervals (fortnightly 
intervals for those stored at 12® C., monthly intervals for those stored at 3® C.) 
for systematic examination* The results of the 1925 experiment with Cox's 
Orange Pippin are given in the following table. 

The fungal species are indicated in column 2, the Eoman numerals indicating 
the number of the sample. The time which has elapsed since inoculation is 
found in column 3. Column 4 gives the mean weights of the apples at the time 
of sampling, and the calculated mean radius is found in column 5. In column 
6 are the mean radial advances derived from the figures for percentage 
weight of tissue rotted in each apple of the sample, by the use of the curve 
in fig. 1 in Part 1 of this paper. The averages of these figures for radial 
advance are the mean radial advances found in column 6. Column 7 gives 
the percentage weight of apple rotted, derived from the ^primary experi¬ 
mental data. The product of the mean radii and the radial advances yield 
the figures in column 8, and are radial advances in centimetres. Dividing 
the figures in this column by the number of days elapsed from inoculation 
the growth rates per day in centimetres, found in column 9, were obtained. 
The mean growth rates in the intervals between sampling are found in column 
10, and were obtained by dividing the increments in radial advance in column 
8 by the time elapsed between the two samplings indicated. 

The different levels of growth rate exhibited by the various fungi are clearly 
represented by the figures in columns 9 and 10 of Table L In the case of 
the growth rate at the higher temperature is approximately double 
that of the lower, while with Fmarium the difference is slightly in favour of the 
higher temperature. The growth rate of Polyopetts aureus at the two tempera^ 
tures is almost identical. Pleospora exhibits a slightly higher growth-rate at 
the lower temperature and this effect is very marked in the case of Cytesporina. 
With Fusarium “ interference occurred at both temperatures. 

Averaging the growth-rates at the two temperatures, the order of diminia hing 
values would be Bohytis, Cytosporinay Fusarium^ Polyopeus auretts and Plea^ 
spora. This is precisely the order noted in the succession of species already 
referred to in fig. 1, with the exception of Fusarium in which case a weaker c^ain 
was utilised for this experiment. The variation in reaction eadubited by 
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Table I—(continiied.) 


Ko. of Mean Mean Percentage KadiiJ Growth Growth rate 

Tempeiatore. Sample. apple rad^ Radial weight of adyanoe rate per dnring intervi 

from in adyance. tissue in day in in oentimetcee 

inoculation. ® centimetres. rotted. oentimetioe. eentimetaee. per day. 
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the Fnmrium strains is dealt with later. In every case the rate of growth 
faBs in the early part of the experiment, but in the case of Fttaarium at 12^ G. 
and of Phospora at 12° C. there is an indication of a subsequent rise. 

In spite of the part played by sampling errors there is an unmistakable similoiity 
in the drift of growth-rate. The growth-rate falls rapidly in each case until 
the neighbourhood of the fiftieth day where a minimum occurs, and subse¬ 
quently in most coses there is an increase in growth-rate. Averaging the 
values* in all the experiments the following figxires are obtained. 


Table II.—Mean Values for Growth-rate in time for the Fungi in Table I. 


Days from 
inoculation. j 

Mean growth<r&te in 
centimetres per day. 

20 1 

0 031 

30 

0 022 

40 

0-0086 

50 

0 0072 

60 

0-0074 

80 

0-013 


The growth-rates have been assumed to be inversely proportional to the 
resistance of the apple to invasion, and since the growth-rates of all the fungal 
species employed exhibit the same kind of time-relation, irrespective of tempera¬ 
ture, there is possibly a general change in resistance occurring in every case. 
It is probable that the resistance of the apples was increasing up to the fiftieth 
day from inoculation, with slight indication of a subsequent fall. If it is assumed 
that the variation in resistance with time is represented by a curve of the kind 
shown in fig. 2 and that L1 and L 2 represent two critical levels of resistance for 
the two species of fungus F1 and F 2, then for species F 14he growth-rate will 
fall during the interval of time from 0 to T 1 (since during this time the resistance? 
is rising) will reach a minimum somewhere between T1 and T 2, and will subse¬ 
quently rise as the resistance once again falls. Such a distribution of growth- 
rates is seen in the case of Botrytis at 3° C. In the case of species F 2 the growth- 
rate will fall rapidly up to a time T1 at which point the resistance rises above 
the critical level. Growth will then cease until such time as the resistance again 
Mis below the critical value. If the portaon of the apple which has been already 
mvaded before the first critical point is reached is not negligibly small when 
growth is checked, subsequent drying out may lead to development of cavities 
which are oharad;^ the {dienomenon of “interference/' This effect 
* The valtMW on the parfciculiwr days were obtained by interpolation from onrves. 
ton. cn.—B. 2 T. 
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was very evident with Fiisarium at both temperatures and sporadically with 
Polyopeus aurem. In the case of slow-growing fungi the volume of the apple 



Fig. 2. Fio. 3. 


affected before the growth ceases would be so small that the cavities would not 
be evident. 

The varying reactions of the fungi at the two temperatures is striking and is 
difficult to interpret. The relation between parasite and host will depend on 
the effect of temperature, on the activity of the fungus, and the resistance of 
the apple. For Botrytis, which is a virulent species, the activity is found to 
increase to double for the temperature rise of 9®, which is near the normal 
temperature coefficient of growth. In the case of Fasarium and the other fungi, 
the increase in activity is not evident. It is possible that it is masked by the 
relatively higher resistance of the apple in these cases. 

Should the temperature coefficients of resistance and activity be greatly 
different, the temperature relations may be formally represented by the diagram 
shown in fig. 3. The rate of invasion has been assumed to be proportional to 
1/R, where R is the resistance of the apple. If a is the activity of the fungus 
we may write 


where V is the rate of radial advance and C a constant. It is clear that if the 
relations indicated in the diagrams hold, afR + 0 may have a minimum value 
between temperatures T1 and T 2. Such a set of relalaonships might account 
for the results obtained with Cytosporim at 12® C. and 3® C.; and by suitable 
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modification of the temperature ejffect on R, such cases as Fusarium and Polyo*- 
peu8 aureus would be explicable. With our present knowledge it is impossible 
either to substantiate or refute such a h 3 q)othc 8 is, but further lines of work arc 
clearly indicated. The evidence to hand as to the nature of resistance will be 
discussed later in this paper. 

III.— Comparison, of the Virulence of Certain Fusarium Strains, 

An interesting aspect of the problem of invasion of apples is the relative 
degree of virulence of various strains of a single species of fungus. In the pre¬ 
ceding section of this paper different species have been compared, and similar 
methods will now be applied to various strains of a given species. As some of 
the strains studied are saltant forms whose origin and previous history are well 
known, it has been possible to compare these with their parent strains. The 
practical importance of such comparison in relation to the possible origin of new 
diseases of apples is evident. 

The Fusarium strains used for these experiments were originally isolated 
from diseased apples. The strain A was obtained by Dr. W. Brown of this 
College, in 1918, from an unknown variety; the strains B, C, and D from Cox’s 
Orange Pippin, E from Allington Pippin, and F from Sweet Alford, in 1920 by 
one of the present authors (A.S.H.). The strains B 1, C 1 and C 2 originated 
from monosporous platings of B and C respectively, and were made in 1921. 
C 3 was first obtained as a variant from C in tube cultures made from the same 
monosporous colony of C. The strains B 11, B 111 and D 2 are saltants obtained 
by Brown, who has recently dealt with the question of saltation in some detail (4). 
The origin of the strains and saltants is shown diagrammatically below (fig. 4). 

The fact that this species of Fusarium was capable of parasitising the tissues 
of the apple was first shown in 1921 (3, p. 369) when, with the exception of 
PemoiUium and Botrytis, it proved at 1"^ C. the most active fungus tested in 
that year (see fig. 1). In 1922 eight strains were tested on the Cox’s Orange 
Pippin and Bramley’s Seedling varieties of apples at two temperatures (1® C. 
and 16® C.), The strains included A, C, C 1, C 2, B 1, D, B, and F. All the 
strains employed invaded both the varieties at 15® C., but the intensity of attack 
was much less marked in the case of the Bramley’s. At 1® C., the Cox’s were 
slightly invaded by the strains C, C1, C 2, F, D, B 1, and E. The invasion of 
riieBvamley’s at this temperature was negligible (5, p, 39, and 6, p. 69), 

As a result of experiments begun in 1923 using the strains C 1, C 21, C 3, 
B B l 1, A and D on Cox’s Orange Pippin at two different temperatures (12® C, 
tod 3® €,) not only was the parasitic activity of these Fusariu7n strains con- 

^ L 2 
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Original Btrain. Baltant^. 


1920 Cox's Orange Pippin 


B-B I 


B 111 


1920 Cox's Orange Pippin 


< 

/ ^ c a 


1020 Cox's Orange Pippin 


B-B ^ 


1920 AUington Pippin . 


1920 Sweet Alford. 


Flo. 4.—^Pedigree of Fusarium strains. 


firmed, bat in addition it was clearly evident that they varied in their patho- 
genioity (6, p. 62), Oertain strains such as D1, 01, C 21, and B 1 being very 
active, others (A, C 3) moderately active and others (B11) very weak. It ww 
found that the strong strains belonged to the group ot strains which ei^btitnt 
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strong mycelial development, whereas the weak strains were those characterised 
by feeble mycelial development and intense sporulatiou (see (7)). It was 
also clear that the saltant B 11 derived from the strongly active strain B 1 
differed from the parent in a marked loss of virulence. 

In 1924 and 1926 the same experiments were repeated on a larger scale, with 
Bramley’s in addition to the Cox’s, using the more exact methods for recording 
data already outlined in this paper. ’ The results obtained in both years con¬ 
firm the earlier work, and evidence will be presented to show that the strains 
can be arranged in serial order with respect to their pathogenicity, and that the 
sequence is independent of the type of apple used. 

The data obtained are summarised in Table III in which the rate of advance 
in centimetres per day is given in column 6 for each of the strains of Fmwrium 
given in column 1. The probable errors for the rates of advance have been 
calculated and the significance of the differences between strains can thus be 
tested. 

Table III.—Rates of Invasion for certein Fusarimn Strains in two 


Varieties of Apple. 


1. 

FuMrmm 

j- 

2 , 

Mean weight 
of apple 
in granu). 

1 3. 

Mean radiua 
in 

oetitimetres, j 

4. 

Radial 

advance. 

6. 

Radial advance 
in 

eentimetres. 

6. 

Rate of advance 
per day in 
oentimetros. 


Bramley’s Seedling, 1925-26. 12“ 

C. 70 days. 


A. 

166-2 

3-66 

0 567 ±0-030 

2 04 ±0 -16 

0-0292 ±0-0021 

BIl. 

163-9 

3-66 

0-337 ±0-017 

l-23±0 066 

0-0178 ±0-0009 

Bill . 

187-8 

3-61 

0-366 ±0-021 

1-26 ±0-077 

0-0179 ±0-0010 

Cl . 

UlO 

3-63 

0-4«»db0 042 

1-66 ±0-16 

0-0237 ±0-0021 

C21 . 

146-8 

3'S8 

0-486 d;0 043 { 

1 l-74±0-17 

0-0248 ±0-0024 

C8 . 

147-8 

3-60 

0-623 ±0 046 

l-88±0-17 

0*0296 ±0*0024 

B. 

174-9 

3-Bl 

0-595 ±0-036 

2-26 ±0-14 

0-0322 ±0*0020 

B2 . 

146-3 

8-68 

Mean P.E. 
^0-066 

0-367 ±0-0X8 

1-31 ±0-068 

1 

1 

0-0188 ±0-0010 


Bramley’a Seedling, 1924-25. 12° 

C. 103 days. 


A.. 

91-3 

3 07 

0-378 ±0-041 

1-160±0-13 

0-0113 ±0-0013 

B1 .. 

90'0 

3*06 

0-606 ±0-038 

l-864 ±0-18 

0-0180 ±0-0018 

BU. 

U6-6 

3-06 

0-414±0 043 

1-268 ±0-13 

0-0123 ±0-0018 

Bill . 

99-6 

3-16 

0-131 ±0-027 

0-418 ±0-11 

0*0040 ±0-0011 

01 . 

101-2 

317 

0-764 ±0-054 

2-39 ±0-17 

0-0232 ±0-0017 

C21 . 

106-8 

3 23 

0-622 ±0-037 

2-000 ±0-12 

0*0196 ±0-0012 

0:8 . 

88-1 

3-03 

0-652 ±0-046 

1-976 ±0-15 

0-0192 ±0*0016 

B. 

100-2 

3-16 

Mean P.E. 
±0-048 

0-714 ±0-046 

2-2S6±p-15 

0-0219 ±0-0015 
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Table III—(continued). 


1. 

FusaHufn 

strain. 

2. 

Mean weight 
of apple 
in grams. 

3. 

Mean radius 
in 

ceutimetros. 

4. 

Hadial 

advance. 

5. 

Kadial advance 
in 

centimetres. 

6. 

Bate of advance 
per day in 
centimetres. 


Cox's Orange Pippin, 

1924-25. 12' 

^ C. 54 days. 


A. 

66-54 

2*66 

0*860 1 0-062 

2-288+0*166 

0-0424+0-0031 

B1 . 

66-13 

2-66 

0-952 d:0*080 

2-532+0*214 

0-0460 +0-0040 

Bll 

67-50 

! 2-68 

0-380 .+0-037 

1-018+0-099 

0-0188 +0*0018 

Bin. 

64-77 

! 2-64 

0-103+0 023 

0*272+0-061 

0-0050+0-0011 

Cl . 

59*38 

2-57 

1*026+0*063 

2-634+0-264 

0-0487 +0-0030 

C21 . 

70 06 

2-71 

0-963 +0-024 

2-583+0-066 

0-0478 +0-0012 

C3 . 

68-11 

2-69 

0*786 40-068 

2-H4+0-).84 

0-0392+0*0034 

I). 

64-01 

2-63 

Mean P.E. 
i0 027 

1-038+0-049 

2-730+0-132 

0-0506 +0-0025 


Cox’s Orange Pippin, 1924-25. C. (corrected for interference). 138 days. 


A. 

B1 . 

Bll. 

Bill . 

01 .. 

0 21 . 

08 . 

D. 

68-7 

61- 7 

66-7 

72- 4 

08-0 

68-0 

62- 2 

73- 1 

2-74 

2-04 

2-71 

2*78 

2-74 

2-73 

2*66 

2-79 

Mean P.E. 
+0-036 

0*631+0*040 
0-747 +0-069 
0-194+0-043 
0*016+0-011 
0-618 ±0-061 
0-687 +0-062 
0-813 ±0-064 
0-698 +0-077 

1-465+0-128 
1-972 +0*184 
0-626 +0-117 
0-046-10-031 
1-693+0-169 

1- 603+0*171 

2- 154+0-142 
1-668 +0-216 

0-0106 ±0-00093 
0-0143 ±0-0010 
0-00381 ±0-00086 
0-00038 ±0-00023 
0-0122 ±0-0012 
0-0116 ±0-0013 
0-0166 ±0-0010 
00121 ±0-0016 


Cox’s Orange Pippin, 1926-26. 12 

^ C. 89 days. 


A. 

62-7 

2-46 

0-541 d-0 044 

1-33+0-109 

0*016 +0*0012 

Bll . 

60*6 

2-44 

0-240 +0*020 

0-69+0-049 

0*0066 +0*00060 

Bill . 

87-8 * 

2-63 

0*239 +0*0088 

0-60+0-024 

0*0067 +0*00027 

Cl 

64-4 

2*44 

0-800+0-028 

1-95+0-101 

0 022 +0*0011 

cai . 

54-5 

2-36 

0-760 ±0-072 

1-76+0-187 

0-020 +0-0021 

03 . 

57-4 

2-40 

0-620 ±0-076 

1-26+0*181 

0-014 +0-0020 

D . 

00-9 

2 44 

0-840+0-023 

2 *05+0-062 

0*023 +0*00069 

1)2 . 

63-J 

_ 

2-47 

Mean P.E. 
±0-033 

0-363 ±0-062 

0*87+0-129 

0*0098 +0*0014 

I 


The data of rate of advance have been presented again in serial order in 
Table IV, the most rapidly growing strain being in each case in the first column. 

From Table IV it is clear that the two experiments with Cox’s Orange Pippin 
agree exactly in the order of virulence of the strains, when D 2 and B1 which 
wore not common to the two experiments are left out of account. This agree- 
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meut is the more striking when it is observed that the growth-rate in the 
1925-26 set is very much less than for 1924-25, 


Table IV. -Rates of Invasion for the same Fusarium Strains arranged in serial order. 


SiraiuH of Fmarium and radial advance in centimetres |ter day. 


Bramley’s Heodling, 
192fS-26. 12*’ C. 

70 days. 

1) 

0 0322 
±0-0020 

C3 

0-0296 

±0-0024 

A 

0-0292 

±0-0021 

C21 

0-0248 

±0-0024 

Cl 

0-0237 

±0-0021 

1)2 

00X88 

±0()010 

Bin 

0-0179 

±0-0070 

Bll 

0-0178 

±0-0009 

Kramley’a 8e<^dling, 
1924-25. 12’ 0. 

!0JJ days. 

Cl 

0-0232 

±0-0017 

D 

0-0219 
i 0-0015 

C21 

0-0196 

±0-0012 

C3 

0-0192 

1:0 0015 

B1 

0-0180 

±0-0013 

BIl 

0-0123 

1.0 -0013 

A 

0-0)13 
j 0 -0013 

Bill 
0-0040 
±0 0011 

Cox’s Orange I*ippin, 
1925-26. 12'^ C. 

89 days. 

1) 

0-023 

1 ±0-00069 

Cl 

0-022 

j i 0-0011 I 

C21 
0-020 
j ±0 0021 

A 

0-016 

40-0012 

C3 

O0J4 

.,0-0020 

1)21 
0-0098 
j ±0-0014 

Bill 
0-0067 
i(> -00027 

Bll 

0-0066 

±0-00056 

(’ox’s Orange Pippin, 
1924-25. 12" C. 

54 days. 

1) 

0-0506 

±0-0026 

Cl 

0-0487 
±0-0030 i 

C 21 ! 

0-0478 I 
±0-0012 1 

B1 

1 0-0469 

1 : 0 -0040 

l_.. 

1 0-0424 
,±0-0031 

C 3 

0-0302 

±0-0034. 

; Bll 
i 0-0188 

1 ±0-0018 

BUI 

0-0050 

±0-0011 

Cox’a Orange Pippin, 
1924-25. 3- C. 

138 days. 

C3 

0-0166 : 
:i.0*00l0 1 

i : 

0-0143 i 

4 0-0010 j 

1 Cl 

0 0122 
+0 0012 

I> 

i 0-0121 
■ LO-0016 

(’21 

0-0110 

[0-0013 

; 1 

A 

i 0-0105 
! ±0-00093 

i 

I Bll 
0-0038 
|±0-00()85 

1 

B m 

0-0.:(.)33 

±0-01/023 


The agieeraont between the corresponding Bramley’s aeries in relation to 
order of virulence is much less marked. For instance C 1 in 1924-26 occupied 
the first place while in 1926-26 it was fifth in order. Strain A also has changed 
from being the last but one in 1924-25 to the third place in 1925- 20. Similar 
discrepancies are seen in the set of Fusarium strains growing in Cox’s Orange 
Pippin at 3° C. as compared with those at 12" C. 

The records made at the time of estimating the rot show that signs of wither¬ 
ing were noted in both the sets with Bramley’s Scotlliug and the Cox’s at 3" C. 
In the case of the Bramley’s 1924-25 set and the Cox’s 3° C., notes Avith regard 
to withering were made on each individual apple, and it was possible in these 
cases to arrive at an estimate by noting the proportion of apples which showed 
signs of withering. As it seemed possible that the withering had partly accounted 
for the changed order in these cases, as compared with the Cox’s at 12° C., 
correlations were worked out in each case between the percentage of withered 
apples in a set and the growth-rates. The results gave for Bramley’s 1924-25, 
»• ss _ 0>838 and for Cox’s »• = — 0-666. The negative sign in both cases 
indicates that the growth-rate tends to fall with increasing intensity of 
withering. 

As it was thought that these correlations may have been due to a spurious 
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effect- since in general the greatest withering occurred with the slowest growing 
strains, and the possibility of the absorption of water by the living tissue from 
the dead* watery areas could not be negleckd—another method of correlation 
was resorted to* In this case the rates of advance calculated for the set 
of Bramley’s 1925-26 where withering was not so jnarked, and the set of Cox’s 
1924-25, r2'*C., where withering was not noted, were taken as normal. 1’he 
ratios of the growth-rates of these sets as compared with corresponding 
abnormal sets were determined and their ratios correlated with the observed 
percentage of withering. The correlation coefficients were for Cox’s 
r -f O'738 and for the Bramley’s -f- 0*789. The positive sign of this result 
indicates that when** the percentage of withering was high, the ratio of the 
rate of growth in the normal set as compared with the abnormal set tended 
to rise; or, in other words, in the withered apples the growth-rate of the 
fungus was suppressed. 

As in this method the rates in apples affected with the same strain were 
compared, there is no question of a differential effect on water loss due to the 
presence of different amounts of rotten tissue. The evidence seems to point to 
a real effect of withering on the growth-rate of the fungus, and may possibly 
arise by competition for water between the fungus and the host tissues, or an 
increase in concentration of the cell contents. The drying-out of the rotten 
areas, in cases where interference ” occurs, indicates that absorption of water 
from the dead tissues can actually occur, and experiments to test the effect 
of water loss are now in progress. 

In order to assess the relative effects of apple variety, of season, and of 
temperature on the rate of invasion by different strains of Fusarium, Fisher’s 
method of analysis of variance (8) was applied to the data. It was assumed 
that the rate of radial advance is determined by the interaction of two factors, 
vis., the susceptibility of the apple and the activity of the strains, and idso 
that the rate of advance was jwroportional to the products of these two factors. 
For this reason in the process of analysis the logarithms of the values for radial 
advance were used instead of the actual values recorded. Seven strains were 
investigated, D 2 and B 1 being omitted since the records for these two strains 
were not complete. Variety of apple and experimental conditions (season and 
temperature) yielded five combinations. Thus there were in all 36 combinations 
of experimental conditions with fungal strains giving 34 degrees of freedom, 7 
fungal strains with 6 degrees of freedom, and 5 experimental oonditious ynJik. 
4 degrees of freedom, respectively. The results of the analysis are shown in 
Table V. 
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Table V,—Analysis of Variants. 



Degrees of freedom. 

1 

Varianoo. 

1 

Mean aquare. 

'StrainB . 

a 

2 08179 

1 • 40010 
1*61746 

0*44699 

0*35228 

0*06740 

conditions ' 

4 

Hemainder . 

24 


Total. 

34 

5*70886 



The 24 remainders give an estimate of the mean discrepancies of individual 
results from the assumed product formula. The figure corresponds to a standard 
error of 16 • 7 per cent, for a single determination. From the figures for probable 
error of radial advance in Table III it is possible to compare this calculated 
mean error with the experimental errors actually recorded, and thus to test 
whether the departures from the product formula were significant. For strain 
D the mean error recorded in the experiments was 11-4 per cent., for strain C 3 
14-0 per cent., while for strain B 111, in which variation in radial advance was 
greatest, the value of the mean error was 29-7 per cent. 

It is clear then that the errors recorded in the experimental data agree very 
well with the expected discrepancy from values for radial advance based on the 
assumption that this process is conditioned by the product of activity of fungal 
strains and susceptibility of apples—^susceptibility is taken to be the reciprocal 
of resistance. 

Table V shows further that the differences in strains had the largest effect 
on rate of advance, but that the experimental conditions were almost as effective. 
There is no significant difference between these two effects, but both show very 
high significance (about eight times their mean error) as compared with the 
random errors. • 

The effect of experimental conditions can be traced almost entirely to the 
difference between the experiments at 12° C. and the single experiment at 3® C. 
The seasons and variety of apple show no significant differences in their effecsts 
among themselves. It may be concluded from this that the variety of apple 
and seasonal effects do not greatly affect the relative virulence of the different 
stridns tested, while there are indications that at different temperatures the 
amount of infection due to different strains relative to each other may vary. 
The effect of different levels of temperature on the relative virulence of fungal 
Species has already been observed, and it appears that similar relations may 
hold for' strtfcins of the same species. 

This analysis of variance indicates further that in general the effect of the 
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various fungal strains is due largely to the two strains B 11, B Ill, which differ 
significantly from the rest, while in the data no significant difference among the 
others is found. Taking the rate of radial advance of the highest strain as 
100 and calculating the others as a percentage for each set, the averages for 
each strain based on all the data are given in the following table (Table VI). 

Table VI.—Comparison of Rates of Radial Advance for Fusariwi^ Strains, 


strain. 

Relative tigaro of 
radial advance. 

Strain. 

Difforenoo in 
radial advance. 

J) 

94*4 4 3-3 



01 

88-7-bS-S 

T)-- 0 1 

r>-7i4*7 

B1 

87-6d:4*6 

IJ—B1 

6-9,-J 5-7 

C21 ! 

83*4^^3-9 

D--^0 21 1 

110±61 

03 

82-«rl:3*7 

1>~C3 ! 

I ll-8i60 

A 1 

i 72- 1 43*1 1 

1 I>-~A ] 

22-3±4-6 

1>2 

50*5't-4-3 1 

1 2 1 

1 43-9i6*4 

Bll i 

39<7;l:2>(j 1 

1 D— B11 1 

54‘7+4*2 ■ 

Bin 

22-7rt:l'3 ^ j 

1 

1 111 

1 

71-7i„30 

.... 


The probable errors for each value are also given, together with the probable 
error of the difference between the rates of advance of the different strains as 
compared with strain D. 

If three times the probable error is taken as significant it is soon that strains 
R, Cl, B 1, C 21, and C 3 do not differ significantly, while the rest, viz., A, D 2, 
B 11 and Bill, fall into a separate class. Fmthermore, B 11 and Bill differ 
significantly from strains A and D 2 and also irUer sc. The strains may then 
be divided into three groups D to C 3 of high, and A and D 2, medium, and B 1 
and B 111 low virulence. 

The history of B strains is very interesting, for with each saltation the 
virulence is seen to diminish. The same relation holds for D and D 2 and also 
C 1, C 21 and C 3. In the last case cited the difference in virulence is not high 
enough to be significant, but the fact that this order is identical in the two 
experiments with Cox's at 12° C., as well as for the average of all, indicates 
strongly that, in fact, the virulence of these three strains falls into the order 
given. In the case of the D strains, the saltant is found in the medium class, 
while for the B strains in spite of the fact that B 1 is in the highest class, both 
saltants fall into the lowest class. 

A similar relation has been found to hold with certain strains of the section 
Discolor of Fumrium, recently investigated in this laboratory by Horne and 
Mitter (9), It is perhaps significant that, in all cases of saltation whose history 
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is known, the parent form displays a higher virulence than the strains derived 
from it, although the fall in virulence may vary greatly in magnitude. 

IV,— Com^rison of Variation in liesistance shown by differcM Populations of 

Bramlefs Seedling Apples. 

Experiments were started in the season 1922 23 to investigate the resistance 
of apples derived from different localities in relation to a particular ftingal 
species. The variety of apple chosen was Bramley's Seedling and the fungus 
was Cytosporina ludihunda. The apples were obtained from two localities, 
viz., Burwell, Cambridgeshire (fen soil) and Spalding (silt soil). Batches of 100 
apples each were inoculated and stored at Cambridge under constant conditions 
of humidity and temperature (1° C.). After some month b the apples were 
examined and separated into the classes invaded and not invaded. Since 
internal breakdown (a functional disease encountered when apples are stored 

4 

under low-temperature conditions) was present, the number showing signs of 
this trouble was also recorded. Th^ result is given in the following table 
(Table VII). 

Table VII..Effect of Locality of Origin of Apples on Invasion, 1922-1923. 

. j .i.r .1 

Percentage | 


Locality. 

j 

1 

Peroentagt! 

1 of apples 

1 invaded by 
Oytoitporina. j 

1 

1 

1 

._____.. ._! 

of applcH 
invaded by 
Cytosporina- , 
and affected 
with 1 

internal 
breakdown, i 

i 

i Percentage 
of apples 
with 

internal j 

bixiaUdown. | 

j 

! 

j Percentage 

1 of apples 
j not 

1 invaded. 

Interval 
in days. 

Burwell (fen). 

0 j 

15 

.1 

I 

8 

177 

Spalding («ilt) ... 

32 1 

18 

10 

* 

40 

237 


) 


It will be seen that the two categories of Bramley’s yielded different results. 
Thus only 16 of the Burwell apples were invaded, whereas 50 of the Spalding 
apples showed signs of invasion. These figures are misleading, since of the fen 
apples which were affected a large percentage gave large amounts of rot, while 
silt apples showed very small amounts, and indeed all showed interference,*^ 
The need for an improvement on the method of assessing the resistance by the 
mete counting of numbers invaded became obvious at once and led to the 
develofMnent of the technique described in the previous paper (1), 

In the following year, 1923-24, apples from six localities were obtained and 
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stored after inoculation at 3° C. In addition to noting those apples 'nhidii 
showed no apparent invasion and those completely rotten, the number in the 
intermediate class was recorded and measurements were made of the ratten 
areas. The results as obtained in 1923-24 are recorded in Table VIII. 


Table Vlll.—Effect of Locality of Origin of Apples on Invasion, 1923-1924. 



Percentage 

^ Peroontage 

Percentage 

Percentage 

Interval 

Tjooality, 

completely 

: intermediate 

not 

with internal 

in 

rotten. 

stages. 

invaded. 

breakdown. 

1 

days. 

Spaldhig (silt) ' 

Wisbeoh (fen). 

3 1 

3 

1$ 

m 

72 

38 

98 

1 

164 

140 

Woroeffter (old red 

sandstone). 

Canterbury 

HI 

84 

i 

6 

— 

120 

US 

(gravel) . 

36 

56 

8 

_ 




BurweU (chalk) .. 

45 

55 

i 

— 

122 

Burweli (fen). 

' 62 

38 

1 0 

1 


116 


Before the new measure (radial advance) could be utilised for this set of data, 
it was necessary to be able to convert the measurements of area into radial 
advance. This was done by means of two sets of data collected in the years 
1924-25 and 1925-26, relating to Bramley’s Seedling from Canterbury and from 
BurweU, for which both measurements of ares and the weights of rotten tissue 
were recorded; 137 measurements of area and weight records were obtained. 
The percentage weights of rotten tissue were converted into radial advances 
from the graph (hg. 1) given in the previous paper (1), and a correlation diagram 
was set up showing the relation between radial advance (measured as per¬ 
centage of radius) and the mean diametral arcs of the areas. The regression 
line was found to be linear, and to be practically identical for the figures derived 
from the two sets of apples. The correlation coefficient estimated from all the 
figures was r = 3 :0*924. From the regression line the percentage radial 
advance corresponding to any given area could be read off. In this way the 
data for areas measured in 1923-24 were converted into radial advances, Mid 
results obtained for the apples from the six localities axe given in Table IX. 

The figures show large differences in the rate of radial advance for apples 
from different localities, and this confirms the eminrioal results already 
sented in Table YIII. Chemical analysis of samples of ap]^es from tiie saihe 
localities gathered at the same time are available and have been puMi^ed 
H. K. Arohbold (10) and Janet W. Brown (11). It is th«refore possible to investi¬ 
gate the question as to whether chemical composition {days Miy pert in deter- 
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Table IX.—Data of InvaBion in Table VII in teruiB of Eadial Advance. 


Locality and (toil. 

Percentage 

radial 

advance. 

Average 
percentage 
weight rotten. 

Dayet. 

Radial advance 
oentlxnetrea 
per day. 

(silt). 

0 0498 

< 1-0 

164 

0*0010 

Wiflbeofi (fen) ... 

0-336 

3-6 

140 

0-0084 

Woroester (old red sandBtone). 

0-722 

27 

120 

0-0201 

Cantorbury (gravel) . 

0-882 

39 

{ 118 

0*0247 

Bitrw«ll (chalk) . 

0-977 

i 60 

i 122 

0 0277 

BnrweU(fon) .. 

1 • 104 

' 

1 87 1 

1 1 

1 116 

1 

0*0838 


mining the relative rate of advance in the sets of apples. The rate of advance 
was first correlat/ed with the nitrogen and potassium content^ using the fresh 
weight figures in the papers already referred to. The result is as follows :— 

4- 0-7622 R radial advance per day. 

^HK ==== O’3951 K = percentage K in fresh weight of apples, 

0 • 2896 N = percentage N in fresh weight of apples. 

There was found to be no correlation with the phosphate content of the 
apples. 

The negative correlation between nitrogen and potassium in the series of 
apples used indicated the necessity for eliminating the effects of the association 
of these two factors in determining the correlation of each with radial advance. 
The partial correlations are shown below :— 

^RN.K == + 0*737 r^K.K ““ — O’282. 

These correlations show that when the effect of the negative correlation of 
radial advance with potassium content has been allowed for, a large positive 
correlation of radial advance with nitrogen content is found, while the corre¬ 
lation with potassium is slightly negative, when the effect of nitrogen is elimi¬ 
nated. The high positive correlation of the rate of advance with nitrogen is 
BUggestive, but not significant, since only six pairs of values were available. 
The negative correlation with potassium is not significant. The results indicate 
that high nitrogen content of apples enhances the susceptibility to the fungus 
used, while high potash content tends to increase resistance. The need for 
further investigation along these lines is evident and further work is now in 
progress. 

V .—Concerning Bemtance to Fungal Invasion in Apples* 

Reviewing the results presented in this and the former communication it is 
aeim that (1) the resistance of the individual apple is of a specific nature; 
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(2) appIcB of a given variety difier in their Tcaistance to difEerent spedee of 
fungus and strain of a given fungus ; (3) variation in resistance of a given type 
of apple is associated with the season in which the apples are grown. 

From a consideration of these facts, it seems reasonable to suppose that 
resistance is of a complex nature. It has been shown that resistance may be 
correlated with chemical composition of apples, and evidence has been presented 
which indicates that water content also plays a part, 

The differences in resistance of varieties can to some extent be correlated 
with their known differences, such as variation in acidity, the percentage and 
nature of the sugars, variation in pectic content, and so on. Preliminary experi¬ 
ments to ascertain the effect of acidity have been carried out by growing various 
species of fungi in extracts of known pH value from apples of different varieties. 
The results, although merely qualitative, do show differences between the 
behaviour of different fungi when grown in extracts of known acidity. Two 
experiments were made, one with apple extracts which were made at the time 
of picking, and a second approximately six months later, with apples from 
the same original batch which had been kept at 1® C. The result of the first 
experiment has been published elsewhere (2, p. 60, Table I). 

Prom this experiment it appeared that Penidllium and Bdrtfiis grew in all 
the extracts, which agrees well with their known behaviour on apple varieties, 
wlule Cytosporina, Fi^arium and Pleospora did not grow in any of the Bromley's 
Seedling extracts, although their behaviour differed among themselves in the 
extracts from the other varieties. The case of Cytosporim is interesting, in 
that growth was found in some of the Bramley’s extracts made after six months’ 
storage, when the pH was found to have fallen, which indicates the possibility 
of changes in resistance due to some tissue change in the apple. The experi¬ 
ments also indicated that there is a limiting level of acidity for particular species 
beyond which growth cannot proceed. 

The relation of the growth of Pleospora pomorum in apple extracts of inureasixig 
acidity is brought out well by the experimental data obtained in 1921 with 
extracts of apples kept at 20® C. (3, p. 371). The results show increasing 
inhibition of growth with increasing acidity. 

Further evidence indicating the sam^ effect was obtained by inoculating apple 
varieties of known pH value and noting which varieties were infected with 
Pkoapora. Sweet Alford, pH 4*1 —4^6, Dymook Bed, pH 3-9—•4*0, 
AUington Pippin, pH 3*06 — 3*36, were invaded, whilst Bramley’s Seedlings 
pH 3 — 3*1, was unaffected (see 3, p. 371). 

The behaviour of Pleospora growing in extractB~(Bee 7, p. 60, Table I)-— 
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differs from the Iwhaviour of the fungus when inooulated into apples, in that 
under the latter circumstances no growth is found with Cox’s Orange Pippin 
until the expiry of a considerable period of time (see fig. 8). This may perhaps 
be related to the ascertained fact that Pleospora is practically incapable of 
inverting cane sugar. The following table (Table X) shows the differences of 
growth of Fusarium, Pkospora, and Cylosporina, in liquid nutrient media con- 
taining various sugars as the source of carbon. Figures for the amount of 
sugar destroyed and amount of cane sugar inverted are also given. 


Table X.—Effect of Sugars on Growth of certain Fungi in Culture Solution. 


Fungal spocios. 

Solution. 

Woi|[ht 

mycelium. 

Sugar 

inverted. 

Sugar 

destroyed. 

Fusatiwm . 

Suorofte f nutriont 

Glucose + nutrient 

Fructose -4 nutrient 

gms. 

0*1187 \ 
0-1532 f 
0-1041 \ 
O'llT? / 
0*0401 \ 
0*031)3 / 

mgms. 

340 

mgms. 

46 

35B 

156 


Pleospora pomorum . 

Suoroao + nutrient 

Glucose -f- nutrient 

Fructose *f nutrient 

0-0085 \ 
0*0108 / 
0*0662 \ 
0-0430 / 
0*0190 

16*8 

__ 1 

9-5 

126 

99 


1 

1 

i 

1 

SuoroBo H* nutriont 
Glucose f nutriont 

0-2148 

0-2083 

271*0 

33 •« 

936 

— 


The differences between Fusarium, Cylosporina and Pleospora with respect 
to the inversion of cane sugar ore very striking, as is also the different amount 
of growth made by the three fungi in a cane sugar medium.* From such experi¬ 
mental evidence, the importance of the nature of the sugars present and the 
ohanges which these sugars undergo cannot be overlooked. It seems possible 
that the growth of Pleospora in the extracts derived from Cox’s Orange Pippin 
in the table previously published ((2), p. 60, Table I) may have been due to 
inversion of cane sugar during the process of sterilising the mediiuu. 

The evidence taken altogether suggests very strongly that the immediate 
oanse of resistance in different varieties of apple may vary; the resistance, for 
instance, shown by Bramley’s Seedling may be due largely to high acidity, 
while tile resistance of Cox’s Orange Pippin may be due to the fact that in 
these apples the ratio of cane to invert sugar is higher than for Bramley’s, or to 
other chemical factors. Indeed the resistance of any one variety, or any 
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individual apple, will be determined by the interaction of all the known factors, 
such as, (1) acidity, (2) the nature of the sugars, (3) the percentage of nitrogen, 
(4) the percentage of potash, (5) the rate of loss of water, as well as possible 
other factors at present unknown. In so far as the intensity of these factors 
changes during the period of storage the resistance of individual apples to 
individual fungi will also show changes. 

That such changes do occur is indicated strongly by the data for growth in 
Oox^A Orange Pippin (Table I). The precise formulation of the factor-changes 
is at present not possible, and awaits more closely correlated data of invasion 
of apples by specific fungi and concurrent chemical analysis made at various 
times during storage ; an investigation is proceeding along these lines. With 
our present knowledge it may be stated, as a well ascertained fact, that the 
acidity falls during the period of storage, so that the time of onset of invasion 
for a fungus intolerant of acid may be delayed \mtil a critical level of acidity 
has been passed. Such a case seems to be indicated by the behaviour of Cyto- 
Hporinat where growth did not occur in extracts from Bramley’s Seedling apples 
until the fmit had been stored for a period of six months. Even when invasion 
occurs early in the period of storage, in Bramley’s Seedling, which is character¬ 
ised by high acidity, the decreasing acid content and consequent lowering of 
resistance will be reflected in an increasing rate of radial advance. 

Experiments now in progress show conclusively that for apples inoculated 
with Cytosporina ludib^inda and kept at 20® C, such a difference of resiatazme 
exists between those picked early and those picked late in the season. This 
faU of resistance in the case of Bramley’s Seedling contrasts with the indicated 
rise in resistance for the Cox^s Orange Pippin shown in Table II. Early and late 
picking is found in the case of Cox’s to lead to a difference of resistance against 
the invasion of Fmoei'ium and Fkospofa, but in this case the later picked a|^les 
are foimd to have a higher reeistaryoe, which is in accordance with the estimate 
of change in resistance found by the measurements of radial advance. 
Evidence may be cited for the increase in resistance with the date of pickmg 
from early data obtained with Pleospora pomortm in 1922-23 (see Table XI). 


Table XL—Effect of Date of Gathering on Invasion by Pleospora pomorum. 


Bate of gathermg. 

Per cent, invaded. 

i 

Bays in store. 

October 2 ... 

i 69 

166 

Ootober 26 ... 

20 

166 
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The inteTaction of two such factors as water content and acidity—^the high 
values of the first favouring invasion, and of the second inhibiting invasion; 
both factors, however, changing with time, may lead to those postulated 
changes in resistance which were schematically presented in fig. 2, in the attempt 
to account for the pheiiornenon of interierence,” 

It may be claimi’d for the method adopted in this paper that considerabie 
light has been tlirowu on the problem of resistaiu'e of apples to the invasion of 
fungi. The difficulty of the problem is apparent, but not insuperable; new 
lines of work have been opened up, and are being actively pmrsued, which promise 
to yield results both of immediate economic importance and of scientific 
interest. 


VI.. Summary, 

1. Tile rate of invasion in an apple of a given variety does not remain constant, 
but may rise or fall in t irue, accuuding to the variety used and the ex|>erinientnJ 
conditions. 

2. A comparison of Fusarium strains on various apples shows that the viru¬ 
lence of the strains falls into an order which is independent of the variety of 
apple and the seasonal changes, but is afIcct<Ki by the temperature of storage. 
All the saltants examined exhibited a lower virulence than the original strains 
from which they were derived. 

3. The influence of the locality of origin on the resistance of apples of a given 
variety is shown to be very marked. These differences in resistance can be 
correlated with difference's in chemical composition of the apples. 






+ 0-737 
-- 0-282 


R 
^ K 
N 


radial advance. 

percentage K in fresh weight of apples, 
percentage N in fresh weight of apples. 


4. Resistance to fungal invasion is complex in nature, and depends on many 
factors. Some of these are water content, acidity, nitrogen content, potassium 
content. Low water content, high acidity, high pc^tash content and low nitrogen 
content are found to be associated with high resistance. The converse is also 
true. 


In conclusion the authors wish to express their indebtedness to Prof. V, H. 
Blaokman for the great interest he has taken in this investigation ; to vario\xs 
research workers of the Pood Investigation Board, both in this Institution and 
at Cambridge, for assistance in various ways, and to Dr. R. A. Fisher of the 
yon. ^ M 
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Rothamsted Experimental Station, for his advice on the Btatistical side of the 
investigation. 
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Etx^rimental lUsearohss on Veijetahle Assimilation and Eespim- 
tio7i. XVII .—The Diurnal Rhythm of Assimilation in Leaves 

of Cherrjf Laurel at “ Limitimf ” Concentrations of Ca^'bon 
Dioxide, 

By E. J. Maskklj.. Emmanuel College, Cambridge,* 
(Communicated by Dr. F. F. Bla<3knuin, F.U.H.—October 29, 1027.) 

Section I. 

(a) Introductory, 

The primary general relation between external supply of carbon dioxithi and 
rate of carbon assimilation in light by the green cells of plants has been investi' 
gated by many plant physiologists, and in general, so long as the assimilation 
is appreciably below the maxima permitted by the light intensity employed 
and by the temporatun^ of the green cell, the relationship may be held to approxi^ 
mat(;3 to direct proportionality between rate of assimilation and external (con¬ 
centration (partial pressure) of COg. 

The case seems most clear for water plants, where a direct proportionality 
has been demonstrated by Blackman and Smith, 1911 (2), for Elodea. Th{\ 
experiments of Brown and Esoombe, 1902 (4), with land leaves, at concentra¬ 
tions of COg up to seven times that of ordinary air, point in the same direction, 
and although th(3 results of later workers with land leaves (Boysen-Jemsen, 
1918 (3), and Lundegardh, 1921 (7)), do not in some other respects conform 
to the simple type shown by the Elodea results, yet, so far as the direct 
proportionality between COg concentration and apparent assimilation is 
concerned, the position is rather strengthened than otherwise. 

Warburg, 1919 (9), and Harder, 1921 (6), however, working on water plants, 
failed to find a direct proportionality between COg concentration and assimila- 
tion; moreover, the interaction between light intensity and COg concentration 
shown by their results, and by those of Boysen-Jensen and Lundegirdh, presents 
a problem which cannot be analysed in the simple terms which were adequate 
to the Elodea experiments of Blackman and Smith. 

♦ IMs and the suooeedhng communiootion form part of a theain aooepted for the Pli.I). 
Begtee, Cambridge University, 1925. The work was begun at the suggoation of Dr. F. F. 
Blackman and carried out in his laboratory at the Botany School, Cambridge. The 
writer Is greatly indebted to Dr. Blackman for his continual stimulating interest and 
helpful oriticiim. 

TOL. on.— B. 2 N 
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The crperimental work doscribed here was begtm in order to see how far the 
analysis in terms of “ limiting factors ” could be applied to land leaves. In 
particular it was hoped that, by taking continuous records of the assimilation 
ovef a period of 12 to 24 hours, and by changing the external conditions during 
the period of experiment, the relationships of the various controlling factors 
might become more clear. 

(6) Experimental Methods. 

1. Material. —Most of the work has been done with leaves of Cherry Laurel 
(Prunm laurocerasus, var. rotuniifolia). The leaves used were those of the 
second or third node on branches of the current year on the same part of the 
bush. Two bushes were drawn ripon—a few early experiments being carried 
out with leaves from a bush near the Botany Scliool (these will be called 
“ Botany School leaves the rest of the experiments with leaves from a bush 
in the Botanic Gardens.* The leaves were brought to the laboratory, with 
their stalks in water in a tin, and were then kej)t, with their stalks in water, 
covered with a bell-jar in the diffuse light of a roof greenhmxse, at an approxi¬ 
mately steady temperature until they were required. 

The leaves wore weighed just before and just after the experiment. They 
varied in sixe betweem 42 sq, cm. and 57 sq. cm. in area, the mean being 
49*1 sq, cm. The areas were determined by means of a planimeter. 

2. Apparatm.—The apparatus used is that designed by Dr. F. F. Blackman 
and described by Miss Matthaei (8), Briefly, a pair of balanced aspirators 
maintain a steady double current of air, wjiich, by their balanced action, is 
equally divided between the leaf chamber and a control chamber. The air as 
it enters the apparafius is enriched with COg, by means of weak acid (HCl), 
dropping on to marble oontained in a vertical tube through which the air 
passcs.f Following this vertical tube comes the Y tube, at which the enriched 
air is divided into the two halves of the apparatus. . The COg remaining in the 
two air currents, after passing through the leaf chamber and the control chamber 
respectively, is estimated by absorption (by baryta) in pairs of Pettenkofer 
tubes. The difference between the amount absorbed from the control current 
and that absorbed from the plant current is a measure of the apparent assimila¬ 
tion of the leaf. Blank experiments, to test the equal division of the enriched 

* In any expenment the souroe of the leal k indicated by the lettm B.S. (Botany School) 
(Mr B.G. (Botanio Garden) following the nomber ttl the experiment. 

t Vaxiatton in OOj (xtnoentration of the air ontrent is obtained by varying the rate of 
dropping of the aoid. 
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air between leaf chamber and control chamber, showed the division accurate to 
within 1 per cent. ^ 

A clockwork arrangement enables successive one-hourly, two-hourly, or 
three-hourly estimations to be made in successive pairs of Pettenkofer tubes. 

The technique of titration was that employed by Miss Matthaei {loc, cii.) 
and the strengths of baryta and acid generally used were, approximately, 
bar5rta N/5 ; acid (HCl) N/10. 

The aspirator rate was approximately 15(M) c.c, per hour, and was measured 
at regular intervals during an experiment. The necessary corrections having 
been made, th<i CO 2 concentration in the supplied air was calculated as the 
number of cubic centimetres of COjj (at if and 760 mm.) contained in 1(X> c.c. 
of air at 0^ C., and at the pressure of air in the leaf chamber. This gives the 
partial pressure of the COg as percentage of nn atmosphere. 

The nieam conceMratiun of OOg in the leaf chamber is calculated as 


log. (0, -T- Cg)- 

where is the concentration in the air entering, and Cg that in the air leaving, 
the leaf chamber. 

The values for apparent assimilation are given as cubic centimetres of COg 
(at 0“ and 760 mm.) per 60 sq. cm. of leaf surface (om^ surface only) per hour. 

H. Leaf CJhafnber, -In the earlier experiments a large leaf chamber was 
employed, consisting of an oval rim of iron, on to which were fastened, with 
luting wax, two glass plates. One of these remained permanently fastened 
down, the other could be removed for the iiisertion of the leaf and afterwards 
re-waxed. The dimensions of this chamber were 22 cm. long by 16 cm. broad 
by 1 • 8 cm, deep, and the volume was 400 c.(?. Inlet and exit tubes were at 
opposite sides of the (jhamber, and a thermonutor projected into the chamber 
from the top. The leaf stalk rested in a small glass cup, at the bottom of 
the chamber, holding 2 to 6 c.c. of water. 

A smaller chamber, used in most of the experiments, was of similar structure, 
but approximated more closely to the shape of a leaf. The dimensions were 
16*6 cm. long by 7-6 cm. broad by 1 cm. deep, and the internal volume about 
^ o.c. The air inlet was near the base, on one side ; the exit was at the top. 
The metal rim of the chamber was too narrow to permit the introduction of a 
thermometer, but, from the experiments with the large chamber (and subse¬ 
quent experiments with the small chamber), the excess of the air temperature 
in the chamber over that registered by a thermometer just outside was known 

2 N 2 



470 


E. J. Maskell. 


for each intensity of illumination employed. When using the small chamber, 
therefore, a thermometer was hung just outside the leaf chamber. 

The leaf stalk dipped into 1 to 2 c.c. of water contained in the bottom of the 
chamber. 

4. The Source of LigU was a Keith high-pressure triple incandescent gas 
burner—^the three mantles being arranged on a triangular ground plan, a side 
of the triangle being towards the leaf. Thus the third mantle, behind, filled 
up the space between the two front ones and the whole gave a source of light, 
viewed from the leaf chamber side, 10 cm. high by 7 cm. broad. (The dimen¬ 
sions of the leaves were 10 to 12 cm. long by 5 to 6 cm. broad.) Between the light 
source and the leaf chamber was a thick screen of flowing water to cut down the 
heat radiation. 

Two intensities of light were employed: (a) High light with the front of 
the leaf chamber 8-4 cm. distant from the front of the mantles ; (6) “ ’’ 

light with the distance 17-5 cm., the leaf chambers being held vertically 
in stands at the required distance from the light. The distance between the 
leaf surface and the front of the mantles is almost exactly doubled at the lower 
light intensity. 

Measured by moans of a Callendar recorder at distances from the mantles 
ranging from 12 cm. (the nearest that could be obtained) and 25 cm., the 
intensity of the total radiation of this large source of light is found to approxi¬ 
mate more nearly to an inverse linear relation with distance than to an inverse 
square relation. The photosynthetic values of the two light intensities are 
approximately in the ratio of 2 * 4 to 1, as may be seen from the subjoined table, 
which gives the*' light limited values of assimilation obtained with these two 
light intensities during the summer of 1920. 

In the subsequent account of the experimental work the two light intensities 
will be referred to simply as '' high light and low ” light respectively. 


Table I. 


1920. 

1 

I.iglit at 

Apparent 

Assimilation. 

Kespiration. 

Real 

AsaimOation.* 


cm. 1 

c.c. 

0 . 0 . 

c.o. 

September 0-7 . 

8*4 1 

5*8 

0*4 

6*2 

Septombor ft . 

17*5 

2*295 

i 

0*3 

1 

2*595 


* Tiio roiative magnitude of the light intemiitio« employed may be judged 1^ tb^ 

fact that the photosynthetio value of 0 *28 sunlight for Cherry lAurel leaves k 5*8 c.o. per 60 cm * 
per hour. (Blackman and Blatthaei, 1805 (1).) 

(6) Kespiration figures in the above taUe are oaloulatod from Hatthaei*s table (8). 
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Respiration was measured in a few experiments only, when the figures wore 
found to agree closely with those of Miss Matthaei ( 8 ). Attention was con¬ 
centrated rather on the relation between the external CO 2 concentration and 
the uptake of CO 3 by the leaf—apparent assimilation -so that, unless otherwise 
specified, all references to assimilation are references to apjmrefU OBsimilatimi, 
The justification for this procedure will appear in the paper itself. It is 
sufficient to state here that with either of the two light intensities employed no 
measurable amount of CO^ was given off by the leaf when an air current free 
from COg was drawn over it, i.c., at zero external 00 ^ concentration, th<‘ 
apparent assimilation is approximately zero. Thus, for that region of the 
CO 2 concentration-assimilation curve in which a])proximate linearity prevails, 
the ratio of apparent assimilation to external CO^ concentration will be approxi¬ 
mately constant, while the relation between external CO 2 concentration and 
real assimilation will b<; less direct. 


Skottox II.—The Daily March of Assimilation undeii Limiting” Con¬ 
ditions OF CO 2 Supply at (Instant Light Intensity, 

(a) Experiments on the. Daily March of Assimilation, July and August, 

1920. 

Experiments were begun in July, 1920, using the “ high ” light and a con- 
cerftration of COg considerably less than that known to be required for the 
maximal assimUation at the “ high ” light intensity. That is, the conditions 
were so arranged that the COg supply should be, in Blackman's sense, * ‘ limiting.' * 

An early experiment, Experiment III, on a ‘‘ Botany School ” loaf, is shown 
graphically in fig. 1 (p. 472), in which apparent assimilation is indicated by the 
heavy line and mean COg per cent, by the broken line. T4ie leaf was picked 
at 9 a,m. and sot up in the leaf chamber as soon as possible after picking. The 
chamber was fixed at 8 • 4 cm. from the light source and the air currents started. 
After a preliminary period of 1J hours, 2-hourly readings of the apparent assimi¬ 
lation were begun, and continued until 9 a.m. the following morning. The 
assimilation shows a well-marked depression, “ a first minimum,^' at the second 
reading, followed by a rise to a value higher than the initial value, and that 
succeeded by a steady and deep depression culminating before midnight. In 
the morning the assimilation rises again and approaches the initial values in 
magnitude. 

It was found impossible to maintain the percentage of COg supplied to the 
letii quite constant. But, even if this were possible, the mean concentration 



ratio Apparent assimilation, c^.CO 
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Fios, 1,1 A, 2 and 3.—^Marob of apparent assimilation in Cherry Laurel leaves, siunmor 
1920. 

Fiu. 1.—Experiuient III, July 29 -30. A Botany School leaf, direct from the 
hush. High” light; averagt? COg — 0*236 })er cent.; temperature 21-’23'^ C. 

Fia. 1a. —Shows the march of the ratio between apparent assimilation and mean 
external COg concentration (A.A./OOg ratio) for Experiment HI, and for a similar 
experiment, Experiment IV, on a Botanic Garden leaf. 

Experiment IV.—^.luly Sl-August 1. “ High” light j average COg - 0-237 
per cent.; temperature 20 •8-22*8’^ C. 

Eigs. 2 and 3.—S)iow experiments in which the leaf was kept 24 hours in diffufiK^ 
light before being set up-'‘24-hour leaves/' 

Fiq. 2.—“ High ” light. 

Experiment V, B.S., August 25-26. Average OO^ 0*265 per cent. ; 
t«mperaturt*t 22 • 2-23 • 8*^ C. 

Experiment VI, B.G., August 26-27. Average OOj ~ 0*278 per cent.; 
tomperatore 20 • 7-23 * 0® 0. 

Fig. 3.—" Low ” light and three different CO® conoentrations. 

Experiment XVI, B.8., September 13-14. Average CO^ -- 0 *315 per cent.; 
temperature 17*8- 20*5'^ 0. 

ExiJerimont X, B.S., September 3-f. Average COy 1*108 per cent.; 
temperature 20*4-22® 0. 

Experiment VIII, B.S., August 30-31, Average 00^ 0*618 per cent,; 

temperature 17*6-19*2® C. 

In the upper part of fig. 3 is shown the average loal-ohamber temperature for 
these three experiments at ” low ’* light and also the average temperaturo for the 
corresponding experiments at “ high ” light (c/. fig, 2). 

of OO 2 in the leaf chamlxjr must alter, with the enormous variation in the 
amounts of CO^ romovcMi from the current by the leaf in different 2-hour periods. 
As will be seen from fig. I, the mean CO^ per cent, valine varies considerably on 
either side of its average value of 0*236 per cent., the major variations being 
clearly determined by the variations in assimilation rate, A better picture 
of the inarch of assimilation may therefore be obtained by calculating, for each 
reading, the ratio between the apparent assimilation and the mean COg con¬ 
centration. This method of representing the march of assimilation will ho 
generally employed and the values obtained will be referred to as A'A./COj, 
ratios.^ The A,A,/C02 ratios for Experiment III, Jind for a similar 

* Alternatively the values caloulatod may be regarded as values of apparent assimilation 
corrected to a standard mean COj concentration of 1 pe^r cent, (Lundegirdh has corrected 
iua assimilation values to 0*03 per cent, moan COj). While, under the conditions stated, 
i.e., ootoal assimilation well below the light dimited value, it is probable that tho values 
will approximate very closely to those which would have been found had tlie mean CCy 
been maintaiiied constant, yet it seems best to emphasise the provisional nature of the 
oomotion by using the term A-A./GOn ratio, which describes the prooess by which the 
adjustment is made. The method will bo used merely as a tool for tho preliminary analysis 
of the phenomena. 
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experiment (Experinicut IV). two days later, on a Botanic Garden leaf are 
shown in fig, 1 a (p. 472), The general march of assimilation is strikingly 
parallel in the two cases, though there are differences in the level attained. 

Ab already noted, the light intensity was maintained constant. Variation 
in air temperature of the leaf chamber was small (range 20 » 8 ” to 23®); in general 
the temperature slowly increases from time of setting up until 8 p.m. or 9 p.m., 
and then slowly falls off till 8 a.m. or 9 a.m. (compare air-temperature curves in 
%. 3). 

2^-Hour Leaves ,—The results shown in fig. 1 a arc characteristic of leaves 
picked at this season of the year, and set up as soon as possible after picking. 
When leaves are picked at the same hour in the morning (9 a.m. to 10 a.m.) but 
kept 24 hours, their stalks in water, under a bell-jar in diffuse light, before setting 
up, the subsequent march of assimilation is somewhat simpler.* 

The results of the first two experiments with “ 24-hour leaves are shown in 
fig. 2 . Only the A.A./OO 2 ratios are given, the average COg per cont.t being 
very nearly the same for both experiments. (Exj)erimeixt V, B.S., COg 0 * 266 
per cent,; Experiment VI, B.G., CO 2 = 0*278 per cent.). 

The march of assimilation is now more regular ; the first minimum has dis¬ 
appeared, but the very great nootural depression and the subsequent morning 
recovery are as marked as before. Those four experiments—III, IV, V, VI- 
were carried out at “ high ’’ light intensity, and the highest assimilation rate 
observed (3*27 c.c. COg per 60 sq. cm. per hour) is only a little over half the 
maximal assimilation of 6*8 c,c. CO 2 possible at that light intensity at this 
season. Hence the belief that the supply of CO 2 is “ limiting the rate appears 
justified. 

(fi) Eixyperimmds on tiie Nature of the Nocturml Depression in Assimilation 

Rate. 

The elucidation of the nature of this nocturnal depression Vos the object 
of the next experiments. Pig. 3 (Experiments VIII, X and XVI, with light at 
17*6 cm.) shows that it occurs at the ‘‘ low ” light intensity just as at the 

liigh/’ It cannot be explained as due to a fall in temperature during the 
afternoon, since, up to 8 p.m. to 9 p.m,, the temperature either hardly 

^ All subsequent experiments exoept where otherwise noted am on 24-h(mr leaves. 

t The value for average OO^ concentration given in connection with the figures for each 
exj>eriinent is the average of all tlwe values for mean CX)| per cent, during the experiment. 
For periods of higli assimilation rate the mean CO 9 will ho somewhat below the avais^, 
and for periods of low assimilation rate somewhat above the average (ef. fig. 1 ). 
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alters at all or rises slightly, while by this time the maximum depression in 
assimilation is in some oases already reached ♦ (figs. 1 a and 3). 

Since there was, as indicated above, reason to believe that the COg supply 
was limiting ” daring the experiments, the assumption was made that the 
depression was due to an increased resistamjc to diffusion of COg into the leaf. 
Certain consequenceH of this assumption were tested by means of a series of 
experiments at a constant light intensity with increasing concentrations of COg* 
In order to avoid very high concentrations of COg, the “ low ” light intensity 
was employed for these experiments. 

Assuming that the diurnal march of this alteration in the resistance offered 
by the leaf to inward diffusion of COg remains constant throughout the series, 
the ideal result of such a series of experiments would be a set of curves in which, 
as the COg concentration increases, the depressed night values are pushed up,” 
until they aU stop at the limit set by the light intensity employed. 

Fig. 4 (p. 476) (Experiments XVI, VIII, X and XIV) shows that this result 
is approximately realised. (1) Experiment XVI, at 0*315 per cent. COg : the 
fall in assimilation begins at once. (2) Experiment VIII, at 0*617 per cent. 
COg: the characteristic fall is delayed until after the fifth reading. The first 
five readings show a gradxial fall, but may be taken as representingvalues mainly 
limited by light intensity. (3) Experiment X, at 1*108 per cent. COg: the 
first reading (for a period of one hour only) is unexpectedly low, but the next 
four are gradually falling, mainly light limited, values. The night values 
are "pushed up” as compared with those of Experiments XVI and VII, 
and the final value is about equal to the initial " light limited ’Values. As 
compared with Experiment XVI, Experiment VII shows, in its night values for 
assimilation (with the exception of the sixth reading), no increase with increased 
COj supply. That this is to be ascribed to variations between individual leaves 
in the march and extent of the nocturnal change in resistance to diffusion, is 
suggested by fig. 3 (p. 472), where are plotted the A-A./CO* ratios (for all except 
the " lij^t limited ” assimilation readings) of Experiments XVI, X and VIII. 
The curve for Experiment X, at 1 *1 per cent. COg, lies between that for XVI, 
at 0*316 per cent., and for VIII, at 0*618 per cent. (4) Experiment XIV, at 
2*333 per cent. COg: in this experiment, owing to the high concentration of 
COg used, hourly titrations of the Pettenkofer tubes were necessary, and it 

* In addition, experiments oarried out by G. E. Briggs and the writer have shown that 
within the range of light intensitieB and carbon dioxide eonoentratiems here considered 
ohangMin air tmperature between 15^ and 25° 0. have very little effect upon apparent 
amdvaiiatiQn of Oharry Lauv^ leaves. 
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Fig. 4 *—^Tbe effect of increaaing CO^ concentration on march of apparent assimilation nt 
“ low *’ light intensity. All Botany School loaves. 

Experiment XVI, September 13-14. Average CO* ^ 0-315 per cent.; tempera¬ 
ture 17 - 8-20 - 6 “ C. 

Experiment VIII, August 30-31. Average CO* ^ 0-618 per cent.; tempera¬ 
ture 17-6-10-2“ C. 

Experiment X, September 3-4. Average CO* == 1 • 108 per cent,; temperature 
20-4-22“ 5 . 

Experiment XIV, September 9-10. Average CO* ~ 2-333 per cent.; tempera- 
tui»21-4-22“C. 

Values of assimilation wlUoh are regarded as mainly light limited are dietinguiahed 
by circles, except in the case of Experiment XFV, where all the values are light limited. 
The average assimilation value, 2*3 c.c. CO*, obtained in Experiment XIV, for the 
low ” light limit, is shown in the figure as the thick horizontal line. 

was not possible, therefore, to carry on the experiment beyond L30 a,m. At 
this high concentration, moreover, differences, even less than half per cent., 
between the two air currents, plant and control, are bound to cause variations 
of several per cent, in the amounts of assimilation calculated. But, as the 
figure shows, the observed values fluctuate definitely about a level mean (which 
is interpreted as the light limit for low ” light intensity) and show no sign 
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of a nocturnal depression. The anticipated result is thus realised, as nearly 
as could be hoped in an experiment depending upon an analysis of air currents 
for the estimation of apparent assimilation; and it seems clear that the 
nocturnal depression of the other experiments (figs. 1 to 4) cannot bo ascribed 
to any depression in the activity of the photosynthetic process itself (nor to any 
huge increase dming the night hours in respiration). It seems fair to describe 
the nocturnal depression as a phenomenon in the diffusion phase of the process 
of assimilation. 

A more coniplet(* <^xp<*rinient at a later date confirms these conclusions, 
Experiment XLIII, E.6., November 12 -13, fig, 5. It will be noted that the 
average light limited value is higher than before (the average value for the 
first 14 readings is 2*66 c.c. as against 2*30 c.c. for the experiment in 



Fia. 6.—^Maioh of apparent assimilation at high COg concentration and low light 
intentity. 

Experiment XLIIl, B.G., November 12-13. Average COg -■« 2*255 per cent, 
up to 11.15 a.m. November 13, then increased to 2*32 per cent. Light 
intensity ‘*low” till 1.45 p*m., November 13, then incre6u»ed to “high.** 
Temperature 10-21 *2^^ C. Average apparent assimilation at 2*255 per 
cent- CX), ^ 2*657 o.o. CO,. Average of two readings at 2*32 per cent. 
00 , 2*573 c.o. CO,. 
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September), This is in accord with Miss Matthaei's observations (8) on the 
seasonal variations in photosynthetic activity in these leaves, a subject which 
will be considered moTv, fully in a subsequent paper. 

For this experiment the small leaf chamber was used, since it was desired to 
change the external conditions during the experiment, and a chamber of small 
volume was necessary in order to avoid long ‘‘ preliminary *’ periods before 
making a rcrading under the new conditions. With this chamber a preliminary 
period of half an hour was used ; in that time a volume of air 8 to 9 times the 
volume of the chamber would pass through it.* 

The CO2 per cent, used was high (2*25 per cent.) and hourly readings were 
necessary ; but again the values fluctuate fairly closely about a mean. Up to 
11 p.m. no depression in iissimilation is shown, and two readings next morning 
(9.15 a.m.-11.15 a.ra.) are but slightly above the previous day’s mean. At this 
point the COg per cent, was increased from 2*18 per cent, to 2-82 per cent. 
The assimilation values still lie about the same mean. Finally, the chamber 
was moved to 8-4 cm. distance from the light source. The assimilation rises 
from a mean of 2*673 c.c. (two readings) to a mean of 4-127 c.c. (two readings). 
Tln^re can be no doubt but that the assimilation for the first 26f hours of the 
experiment is light limited, and that the light limited value is approximately 
constant during this period. 

One further experiment on the results of changing the concentration of COg 
must be considered, for this reason—that during September and October the 
form of the A.A./CO2 ratio curves changed gradually from the typical U form 
of Aiigiist to a U form. (The U form may be regarded as a combination of the 
nocturnal depression characteristic of earlier experiments and a general falling 
curve.) It was therefore necessary to examine whether here again we were 
dealing with changes in the resistances in the difiEusion phase rather than in 
the chloroplaat mechanism. 

A typical experiment is shown in fig. 6, Experiment XXXII, October 18 
(p. 479). To economise time on the second morning, the assimilation was not 
recorded between 9 p.m, and 3 a.m., but the curve is clearly of the L form. 
After the morning maximum on the second day the 00, concentration was 
increased from 0*475 per cent, to 1*716 per cent. The assimilation rises at 
once, and the fall with time, which began before the 00, per cent, was increased, 
continues at the higher level. The A.A./CO2 ratios for this experiment are 
shown in fig. 6 a, and, although the percentage increase in assimilation, when the 
CO2 supply was increased, was less than the percentage increase in 00* supply, 

* The small chamber was used in all subsequent experiments. 
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Fwa, 6, 6 a, 7 and 8.—Effect of increasing the CO^ eonoentration, and of “ slashing ” the 
leal, upon Apparent Assimilation. 

Fia. 6.—Exporixnent XXXII, B.G., October 18*Ih. “High” light: average 
COj »= 0'449 per cent., increased at 12.6 a.m., October 19, to 1-762 per cent.; 
temperature 17'4r“l9® 0. Apparent assimilation shown by heavy lines; mean 
OOj per cent, by light lines. 

6 a.—*S howB the march of the A.A./COg ratios for Experiment XXXH (fig. 0). 

Fig. 7 .—^March of asRimiktion in a “ slashed ” and an unslaahed leaf. 

Experiment XXVII, B.G., October 8-4). Leaf “ slashed ” between the 
main lateral veins. ** High ” light: average COj. — 0*4213 per oent.; 
temperature 22-23*6*^ C. 

ExperimentXXVmB.G., October 11-12. Leaf not “slashed.” “High” 
light; average CO 2 — 0*3471 per cent,; temperature 19*6“20*6*’ C. 

Fig. 8 .—EflEeot of “ sighing’* a leaf during an experiment. Experiment XXX. 
B.G., October 18-14. “Low” light: average 00, =* 0*368 per cent. Leaf 
removed at 7.11 a.m., October 14, and “ slaahed ” l>etween main veins ; set up again 
9.20 a.m. Headings recommence 10.65 a.m. 
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yet the A.A./CO^ ratios for these readings occupy roughly the position to be 
expected from the earlier readings at the lower CO 2 concentration. Three other 
experiments^-XXXI, XXXIU and XXXV, October 15^26™-gave confirma¬ 
tory rciiults. 

“ Slashed ’’ htamn .—An (iffect upon apparent assimilation, similar to that 
produced by increasing the CO 2 concentration, can be obtained by making cuts 
in the leaf. A typical experiment (Experiment XXX) is shown in fig. 8 
(p. 479). The CO 2 concentration was not increased during the experiment; 
hence, only the A.A. /COg ratios are plotted. These are low,* but show the usual 
nocturnal depression and a gradual morning rise. At 9.11 a.m. the leaf was 
taken out and long cuts were made between the main lateral veins on each side. 
The ratio rises from J *7115 before the “ slashing to 3*97 after the “ slashing,” 
but the next value shows a decline to 2*84. Other similar experiments con¬ 
firmed this result of “ slashing ” upon the apparent assimilation of the “ CO^ 
limited ” leaf, and it was thought that with ‘‘ slashed ” leaves it might be 
possible to eliminate the nocturnal depression and other depressions in the 
A.A./CO 2 ratios, and so obtain steady values of assimilation which could be 
used for a COg concentration-assimilation curve. With on(^ exception, howt5ver, 
ISxperiment XX, (at “ low ” light intensity), these leaves all lost weight by 
drying during the experiments (a loss of from 10 to 20 per cent, of their original 
weight), and the assimilation values showed a steady decline. Experiment 
XX in which the assimilation values did not decline, was at high CO 2 concen¬ 
tration (2*5 per cent.), and gave values of assimilation fluctuating about a moan 
of 2*208, which is approximately the light limited value for the “ low ” light 
intensity at this season. This result is evidence that “ slashing ” does not 
operate by stimulating the photosynthetic process itself, since the light limited 
assimilation value is tjxe same as for normal leaves. 

A typical experiment with a “ slashed ” leaf at “ limiting ” concentrations 
of CO 2 is shown in fig. 7 (Experiment XXVII, October 9-10, 1920 (p. 479)), 
and may be compared with an experiment on an unslashed leaf two days later 
(Experiment XXVIII, October 11-12).| The nocturnal depression is eliminated 
in the ** slashed ” leaf, the night values being considerably higher than for the 
unslashed leaf, but the steady fall brings them below the values of the normal 

* The low ” light intensity was employed for thin experiment. 

t The average external CO, oonoentration for the slashed ** leaf is higher than that for 
the xxormal leal, 0*421 per cent, against 0*S47 percent. All the values of apparent aasimik- 
tion are, however, far below the light limited value, and comparison between the two ourvee 
is not invalidated by the differenoe in extwnal OO 2 oonoentration. 
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leaf on the morning of the second day. It seems reasonable to attribute this 
behaviour on the part of slashed leaves to a decreased water content in the 
cell walls of the leaf, which would markedly retard the passage of CO^ through 
them. By the courtesy of Mr. P. Parija I am able to quote some experimental 
results obtained by him in this lal>oratory (Cambridge Botany School) bearing 
on this point. 

Table 11. EeJation between Moistun? Content of a Gelatine Film and its Per- 
ineability for CO2. (Data by Mr. P. Parija, Botany School, Cambridge.) 

Porcentege of water i„ golatine film. X" 

Per o<?nt 
23 
20 
44 

m 

77 


It is not intended to press the analogy between a gelatine film and the wot 
cell wall, but the results are undoubtedly suggestive. 

(r) The Ejfeci of Light Intemiiy upon the “ COg limited ” Assimilation Curves. 

A change towards the end of September in the form of the diurnal curves 
for the A.A./CO2 ratio has already been noted. Towards the end of October 
the curves change again in form. As a rule, however, good agreement is shown 
between curves of about the same date. Wo may, therefore, best compare 
experiments at “ high ” light and ** low ” light by grouping experiments of 
about the same date. Fig. 2 (“ high light) and fig, 3^('^ low light) afford 
a comparison during August and September; for the early part of October 
figs. Oa and 7, at “ high light, may be compared with fig. 8, at “ low light. 
(The vertical scale of fig. 8 is three times that of figs. 6a and 7.) The general 
l(^vel of the curves at “ lowlight is markedly below that of the curves at 
“ high ” light. A similar comparison for November will be found in fig. 9 
(p. 482). The nocturnal depression, though quite definite at both ‘‘high’' 
and low ’’ light intensity, is now very much less marked than before, and the 
general level of the curves, especially in the case of the “ low ” light experiment, 
has very greatly increased. The difference between the results at “low” 
and at “ high ” light is relatively less than before, but the “ high ” light curve 
» is stall well above that at “ low ” light. 


1 

.3 

20 

5 « 

144 
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Figs. 9» 10» lOjiand 11. 


Fio. 9.-"Maroh of assimilation, November, 1920, at “ high ” and at “ loar light 
intensity. 

Expenment XLVIU, B.G., November 29-^. ** High light: average 
00* =» 0155 per cent.; temperature 0. 

Experiment XLII, B,G., November 10-11. “ Low light: average CO* «« 
0 -127 per cent.; tempemture 19-21-1® C. At 5.0 p.m., Novombar 11,, 
the light iuteoaity was increased to the “ high ” level, so that the laat 
reading for this experiment is for a period of high light. 
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Flos. 10, 10a, and 11—(continued). 

Fio. 10.—^Elfeot of change in light intensity on apparent assimilation at low 
^ (t.e., “limiting*') concentrations of CO,. Experiment XXXVII, B.G., October 

29-30. Light “ low till 11.0 a.in„ October 30; “ high ** 11,0 a.m, to 1.20 p.m.; 
then “ low ** for rest of experiment. Average 00, 0-178 per cent, till 3.45 p.m., 

October 30; from 3.45 p.m. to 0.6 p.m. ==* 0-644 per cent.; from 6.5 p.m. to 8.26 
p.m. s=5 0*216 per cent. Temperature 16*4-“19-2‘^ C. 

Fio. 10a.—A.A. /CO, ratios for Experiment XXXVII (fig. 10). The points at 
which some change was made in the external conditions are shown by the broken 
lines in the curve. 

Fto. 11.—March of assimilation in a Hydrangea leaf. Experiment LXXTIl, 
April 21-22. Leaf of Hydrangea sp. “High** light: average CO, “ 0-480 per 
cent. Temperature 20-21 • 6® C, 

To confirm thia general result, namely, the improvement in the A.A./CO2 
ratios with increased illumination, a number of experiments were carried out 
in which a change in light intensity was made during the course of the experi¬ 
ment. A typical experiment is represented in figs. 10 and 10a (Experiment 
XXXVII, October 29-30). The experiment began at 10 a.m. using the “ low ” 
light intensity and a low concentration of CO2 (about 0*17 per cent.). Apparent 
assimilation begins at a rate of 2*305 c.c, (the light limited value is 2*6 c.c. 
for this season) and shows the usual nocturnal fall up to midnight. There is 
not, however, any morning recovery, and by 11 a.m. assimilation bos fallen to 
1 • 766 c.c. At this point the light intensity was increased to the high level: 
the assimilation rises to values of 2*4 c.c. and 2*35 c.c., although the mean COg 
per cent, falls slightly. On reducing the light intensity to its original level, 
the assimilation falls to 1*36 c.c. and 1*13 c.c., although the COg per cent, 
has increased somewhat. Next, keeping the light constant, the CO2 supply 
is increased to 0*644 per cent. The assimilation rises, though the fall with 
time, which began in the previous period at low CO2 per cent,, continues. 
Finally, by reducing the CO2 supply to about its original level, there is pro¬ 
duced a further fall in the assimilation. 

The A.A./CO2 ratios for this experiment are given in fig. 10a, which shows 
clearly the very marked effect of the increase in light intensity, It will bo 
noted also that, although, as is clear from fig. 10, the increase in assimilation 
brought about by increasing the CO^ concentration is not proportional to the 
increase in CO2, yet the A.A./CO2 ratios for the period of high COj per cent, fall 
well into line with those for tlio preceding period at low COj per cent. There 
is, however, some recovery in the succeeding period at low CO2 per cent. 
The general result is quite clear that, at “ limiting concentrations ’’ of COg* 
lumnilation can be increased either by increasing the CO2 concentration or 
VOI4 on,—B. 2 o 
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by increasing the light intensity. Thiis we have here not one external con¬ 
trolling factor—C02‘-^''but two, namely, light and COg. 

A summary of certain aspects of the results which have now been considered 
will be found in Table III, in which are given averages calculated for the first 
22 hours of the experiments (approximately 11 a.m. to 9 a.m.). In some experi¬ 
ments a few readiiigs were omitted (e,g.. Experiment XXXII, fig. 6); in such 
cases the mean value of the two neighbouring readings is taken to supply the 
gap in the dmrnal series. 


Table III. '-Assimilation Values at “ Liiniting” Concentrations of COg; August 
to November, 1920. 22-Hour Averages. 




Mean COt 
per cent. 

Apparent 

Assimilation. 

A.A. an 
per cent. 

A.A./CO^ ratio. 

Date. 

1 

1 

Leaf. 

of light 
limited 
value. 

“Low” 

light. 

“ High ” 
light. 

Auguat 26-26 . 

B.S. 

0*266 

1*436 

24*8 


6*79 

August 26-27 . 

August 31-Septem- 

B.Q. 

0*278 

1*370 

23*6 


6*69 

berl . 

B.G. 

0*610 

0*722 

31*4 

D170 


SeptemW 13-14 .... 

;B.S. 

0*316 

1*167 

50*3 

3*800 


October 11-12 . 

B.O. 

0*347 

1*645 

26*7 


4ni 

Ootober 13-14 . 

B.G, 

0*387 

0*376 

16*3 

1*065 


October 18-19 .. 

B.G. 

1 0*449 

2*022 

35*0 


6*04 

October 20-30 . 

B.G. 

0*178 

1*946 

i 74*8 

11*66 

(-h4*4«16*06) 

JNTovembor 10-11 .... 

B.O. 

0*127 

1*277 

49*2 

10*0 

(f2*8«l2*3) 

JKovembor 29-30 .... 

BeO. 

i 0*166 

2*646 

88*9 


15*98 


In the table, the column following that for apparent assimilation shows 
what percentage the* apparent assimilation is of the maximum possible at the 
light intensity employed. For the experiments up to October 19, the light 
limits are taken as: “ high light, 5*8 c.c.; low/' 2;3 c.c. After October 
19, the limits are : ** high," 6*55 c.c.; “ low," 2*6 c.c. In two experiments 
at “ low " light, October 29-30 and November 10-11, there were short periods 
of ** high " light at the end of the experiments. The increase shown by the 
AA*/COa ratio for those periods over the ratio for the preceding period at 
low " light is given in this table, and, added to the 22-hour average value for 
the “ low " light, forms an estimate of the 22-hour average for “ high " light 
at that season. The estimates, it wiU be seen, agree well with the 22-hout 
average obtained for “ high ” light on November 29->30, 

It will be noted that, owing to the very great increase, especially for the 
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light, in the A.A./CO2 ratios at the end of October, very much lower 
concentrations of COg had to be employed in order to keep the apparent assimi¬ 
lation well below the light limited value, i.c., to maintain conditions in which 
COg concentration should be “ limiting.” It is interesting to observe that, 
At “low” light intensity, the highest average value of the A.A,/COa ratio, 
11 *66, is aasociated with the highest average value of the apparent assimilation, 
1'945 c.c. (or 74*8 per cent, of the maximum), while the lowest A,A./C02 value, 
1*065, is associated with the lowest value of apparent assimilation, 0*376 c.c. 
(or 16-3 per cent, of the maximum). The same is roughly true for the experi¬ 
ments at “high” light. 

In making use, for a provisional analysis of the data considered in this paper, 
of the A.A./CO2 ratio, it was recognised that, without any change in any 
external or internal factor this ratio might, as COg supply was increased, begin 
to fall off before the liglit limit was reached, so that absolute constancy of the 
ratio would not be maintained. It is quite clear, however, both in the diurnal 
And the seasonal changes shown by the assimilation of these leaves, that this 
possibility can for the moment be left out of account, since we here have a 
decreased A.A./CO2 ratio associated, not with an increase of the assimilation 
up to near the light limit, but with an actual decrease of the assimilation at 
somewhat enhanced CO^ supply. Some powerful factor with a pronounced 
diurnal and seasonal rhythm is obviously concerned in the phenomena. 

(d) Provisional Conclusions as to the Nature of the Diurnal and Seasomul 
Changes in the Ratio of Assimilation Rate to COg Sufyly. 

The evidence so far presented has shown that the nocturnal depression in 
Assimilation here described is not due to any decrease in the efficiency of the 
photosynthetic mechanism itself, nor to diurnal changes* in respiration rate, 
but is probably located in the diffusion phase of the process, and represents 
an increased resistance to the diffusion of COg towards the chloroplasts. With¬ 
out changing the COg supply to any leaf, the assimilation can be increased, 
either by “ slashing” the leaf or by increasing the light intensity. Farther, 
for A given mean COg concentration, the diurnal assimilation curve is con¬ 
sistently higher at the h^her light intensity. 

These facts point most strongly to the conclusion that the observed fluctua¬ 
tions in assimilation are mainly due to changes in the degree of stomatal opening. 
The rhythm of nocturnal depression shown so well in August, October and 
ISFovember (figs, 3, 7, 9) is paralleled by the rhjrthm of nocturnal stomatal 
^closure described for this plant by Darwin (6), though it is surprising that, with 

2 o 2 
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a constant light intensity of three high-pressure incandescent burners at such 
close range, the effect should be so marked. The August experiments, which 
show the rhythm most clearly, agree with Darwin^s conclusions for Cherry 
Laurel in placing the maximum effect of closure before midnight. 

Having come to this conclusion it was of interest to examine the diurnal 
behaviour of a leaf which is reputed to possess immobile stomata. This 
was not possible until April 21,1921, when some plants of Hydrangea sp. were 
available. It is not maintained that the stomata of Hydrangea show absolutely 
no movement, but it was expected that at constant light intensity the stomata! 
opening should remain reasonably constant.* 

The march of apparent assimilation at constant light intensity, and a 
limiting ” COg concentration, in an experiment with a loaf of this species, is 
shown in fig. 11 (p. 482). Up to 3 a.m., by which time the nocturnal depression 
shown by Cherry Laurel leaves has usually passed its maximum, the assimila¬ 
tion fluctuates about a level value. Subsequently a slow fall sets in, but 
there is no approximation to the type of behaviour shown by the normal Cherry 
Laurel leaves. The only parallel is the “ slashed ’’ Cherry Laurel leaf of Experi¬ 
ment XXVII (fig, 7). 

So far as it goes this result is in favour of the stomatal explanation of the 
diurnal rhythm of assimilation in Cherry Laurel. The stomatal explanation 
also accords well with the observed effect of light intensity upon assimilation 
at limiting concentrations of COg and may obviously be extended to cover 
the seasonal rhythm, since this may be interpreted as a modification of the 
range or pitch of the diurnal rhythm of stomatal opening. 

That the stoma should, in spite of a high constant light intensity, show such 
a pronounced rhythm of opening and closing, is in itself a phenomenon of very 
great interest. That the effect of change in stomatal opening upon assimila* 
tion should be so marked, is no less interesting, while, from the point of view 
of an analysis of the relation between light, carbon dioxide and assimilatioz^ 
rate, it is clearly of fundamental importance. The problem of a heterogeneous 
reaction having a diffusion phase, the “ speed ” of which may be slow compared 
with that of the reactions at the “ active surface,*’ is raised in an acute form. 
Also when, as here, we have to deal with a factor, light intensity, which may 
affect the speed ” of the diffusion phase, as well as that of the photophemioal 
phase of the process, the problem becomes very complex indeed* 

* That tluB is the case seems probable from meastnoments of the porometer rates of 
leaves of this species under constant light intensity. The rates fluctuate very sl4|^h% 
about a mean for a period of at least 14 hours. The investigation of poraneter rates Is* 
however, the subject of the subsequent paper. 
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In a subsequent paper an attempt will be made, by means of observations 
on porometer rates as well as assimilation rates, to carry the analysis of the 
problem a stage farther. 
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Experimental Researches on Vegetable Assimilation and Respira-^ 
lion, XVIII ,—The Relation between Stomatal Opening 

and Assimilation.—A Critical Study of Assimilation Bates 
and Porometer Rates in Leaves of Cherry Laurel. 

By E. J, Maskell, Emmanuel College, Cambridge. 

(Communicated by Dr. F. F. Blackman, F.B.B.—Received October 29, 1927,) 


Section I. 

In a previous communication it was shown that there is, in Cherry Laurel 
leaves, at “ limiting ” concentrations of CO^, a marked diurnal rhythm of 
apparent assimilation. In spite of the maintenance of a constant high light 
intensity, the assimilation rate falls to very low values during the night but 
rises again in the morning. At high concentrations of COjj, such that light, 
instead of COj, is limiting the rate, there is no diurnal rhythm, the light 
limited value of assimilation being steadily maintained for more than 24 hours. 
There is, in addition to the diurnal rhythm, a seasonal rhythm of assimilation 
—the pitch or level of the diurnal assimilation curves being higher in November 
than in July, August and September. Also the level of assimilation, for a given 
“ limiting ” concentration of COj, is higher at high light intensity than at 
low. It was suggested that these variations in assimilation were largely due 
to variations in stomatal opening. 

The work on porometer rates and assimilation rates described in the present 
paper was undertaken in order to test this hypothesis and to explore, as far 
as was possible by speh means, the relation between stomatal opening and 
assimilation rate. 

(«) EixyperimefUal Methods. 

The methods used for measuring assimilation rate and for calculating the 
results are fully described in the previous communication (12). The additional 
technique, adopted for the purpose of estimating changes in stomatal aperture 
of a leaf at the same time as the assimilation was being measured, is described 
below. 

Darwin's porometer method (6) was adopted as the most convenient and 
sensitive method of estimating changes in stomatal aperture, and the apparatus 
finally used is shown in fig. 1. The porometer chamber—^ glass tube, flanged 
at one end—is inserted into the leaf chamber through a hole in the back glass 
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plate slightly to one side of the middle line (so as to avoid the mid-rib of the 
leaf). It is supported by an outer glass tube, or sleeve, in which it just slides 



Fio. 1.—Combined assimilation chamber and po]x>meter for simultaneous investigation of 
apparent assimilation and stomatal behaviour. A. Section of leal chamber passing 
through porometer chamber. B. Back view of leaf chamber showing also air-£k)w 
meter attached by pressure tubing to porometer and to leal chamber. 

freely, and which is fastened securely with shellac to the back plate of the 
chamber over the hole. Contact with the leaf is made, as in Darwin’s experi¬ 
ments, by means of a perforated disc of 30 to 40 per cent, gelatine, 
the usual dimensions of which were: outer diameter, 2*3 cm.; inner, 0*9 cm. 

The leaf is put into the leaf chamber, the front glass waxed on, and the 
porometer chamber pushed home so as just to make air-tight contact between 
leaf and gelatine and between gelatine and porometer chamber. This involves 
only a slight pressure on the leaf. The porometer chamber is held in this 
position while paraffin wax (60’^ m.p.) is melted into the space between it and 
the supporting tube, and when the wax sets the porometer chamber is firmly 
held and the leaf chamber is air-tight. 

To measure the rate at which air could be drawn through the leaf the air- 
fimo meUf shown in fig. 1, b, was used. Air suction is produced by means of a 
column of mercury, about 15 mm. long, falling vertically in the straight limb of 
the Sow meter, and the time taken for the mercury to pass a marked distance down 
the tube is observed with a stop-watch. One limb of this meter is attached by 
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pressure tubing to the porometer chamber, the other to a “ T ** piece, which 
puts it into communication with the leaf chamber. The whole apparatus 
therefore forms a closed system. After making a reading the mercury is 
returned, by inverting the tube, to its proper end, and the tube is then set 
horizontal until the next reading. Eeadings were always taken in the direction 
in which air is drawn through the leaf. 

A great advantage of the gelatine-disc method of securing contact between 
the porometer chamber and the leaf is that, before setting up the assimilation 
experiment, readings can be rapidly taken with the same disc over the whole 
leaf surface. Usually three readiiigs on each side of the main vein were thus 
taken. Unle^ all six readings were fairly close to one another, the leaf was not 
used. 

Similar readings at the end of the experiment enabled one to check the 
reading for the part of the leaf used during the experiment against the other 
parts of the leaf. Usually the average reading for the rest of the leaf agreed 
well (after the experiment as well as before it) with that for the area used in the 
experiment. There were cases, however, of marked divergence; the stomata 
of the rest of the leaf might be either more widely open or more closely shut 
than those of the area within the porometer chamber. Several experiments 
had to be rejected on these grounds. 

In all the experiments to be described, unless a special note is made to the 
contrary, it may be taken that the average porometer rate for the leaf surface 
both before and after the assimilation experiment did not differ by more than 
10 per cent, from the rate given by the area that was under the porometer 
chamber during the experiment. 

In calculating the assimilation per 60 sq. cm. of leaf per hour the area of leaf 
surface covered by tbe gelatine disc (about 4 sq. cm.) is subtracted from the 
area of the leaf. During an assimilation experiment porometer observations 
were usually made at half-hour intervals. Two readings were taken at each 
time of observation, and the mean of these recorded. The volume of air 
drawn through the leaf in making a single reading is less than 1 c.c., so that in 
a period of an hour, dxiring which 1500 c.c. of air, enriched with COj, pass through 
the assimilation chamber, less than 4 c.c. of the air in the assimilation chamber 
are drawn through the leaf into the porometer chamber. Any effect, therefore, 
of the short periods of air flow upon uptake of COj by the leaf is quite 
negligible. 
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(6) Cahulation of Porometer Rates, 

The “ observed porometer rate ” is defined as \/(10*/T), T being the time in 
seconds for the mercury column to fall through 2 inches* in the vertical limb 
of the flow meter, for a porometer areaf of 0 • 65 sq. cm. For use as a measure 
of changes in stomatal opening, certain corrections are necessary. 

In the first place, at rapid rates of fall, the full pressure of the mercury column 
is not maintained, owing to the existence of a resistance between the mercury 
and the wall of the glass tube. An empirical relation between rate of fall and 
the pressure maintained was established by the use of a parafiiu manometer 
to measure the pressure difference maintained by the falling mercury (fig. 2, a). 



Fxas. 2a and 2 b. 

Fio. 2a. —^Relation between the pressure difterenoe maintained by the falling 
mercury oolumn, in the flow meter, and the time taken by the column to fall 2 inches. 

Fto. 2b. —Cforreotion of observed porometer rates for variation of pressure 
difference with time of fall, and for intercellular space resistance. The magnitude 
of the correction may be judged by the divergence between the continuous line 
(corrected values) and the broken line (observed values). 

By varying the pressure difference employed, the flow of air, within the observed 
range of stomatal opening and at pressure differences of the order employed 
experimentally, was shown to have the characteristics of “ viscous flow ”— 
the rate of flow being proportional to the pressixre difference employed. 

* For VBiy slow rates <rf fall the time of fall was measured over a shorter distance (usually 
0*4 inch) end multiplied by the appropriate factor. 

t The porometer area is the area of leaf surface exposed tvUhin the porometer chamber. 




492 


E. J. Maskell 


Correction can therefore bo quite simply made for the variation in pressure- 
difference with variation in rate of fall. 

The second factor which needs consideration is the resistance offered to the 
flow of air by the intercellular spaces of the leaf. The observed time for the 
flow of a given volume of air will be proportional to the sum of the stomatal 
and the intercellular space resistances. Experiments with a double porometer 
chamber* on the Cherry Laurel leaf showed that, if the minimum horizontal 
distance between entry and exit of air is increased by 9 mm., then the time 
for flow of the standard volume of air in the flow meter is increased on the 
average by 1 • 4 seconds (the values at widely differing rates of flow fluctuating 
fairly closely about this mean value). A correction based upon this result has 
therefore been made for the experimental porometer rates; the corrected 
values are accordingly believed to be a close approximation to the square root 
of the capacity for air-flow of the stomata on 0 • 65 sq, cm. of leaf surface. These 
corrections only affect to any appreciable extent the more rapid rates of flow ; 
the magnitude of the correction is shown by fig. 2 b (p. 491). 

Further, the flow meter was standardised against a capillary tube of known 
dimensions, so that the observed rates of flow can be stated in absolute units. 
Calculation of the coefficient of viscosity of air from the dimensions of the 
capillary tube, the rate of flow of air, and the pressure difference employed, 
gave for this coefficient the value 18*4 X 10^—in close agreement with the 
established value. Use will be made of these absolute units at a later stage. 

While the experiments to be described in this section were in progress, & 
rough attempt was made to establish the fact that the observed variations in 
porometer rates were, in foci, due to variations in stomatal opening and, if 
possible, to establish the type of relation existing between porometer rate and 
stomatal opening. Lloyd's “ strip ” method was not found to give clear results 
for the stomatal openings, and more useful results were obtained by means of 
wax impressions. Porometer readings were taken on a leaf, the porometer 
chamber and gelatine disc were removed, and, on the area previously exposed 
within the porometer chamber, wax impressions were at once taken. The 
dimensions of the stomatal pores were measured by means of a dry |-inoh 
objective and a micrometer eyepiece. Successful impressions were rare, tod 
only three satisfactory results were obtained. 


* See Kiilght<10). 
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These are shown in the table below:— 


Porometcr rate — 

< 

1 

1 

iVodiict of major and minor semi-axoB 
of pore. (Average of 30.) 

22-36 


11-3 /.» 

18-90 


9 64 ft* 

9-54 


5-48 


The restilts were taken to confirm the belief that variations in porometcr 
rate are occasioned by variations in stomatal opening, but were regarded as 
insufficient for any conclusions with regard to the form of the relation between 
porometcr rate and pore area. 

The really important question is not so much the relation between porometcr 
rate and area of stomatal pore as that between porometcr rate and diffusive 
capacity of stoma. This question was subsequently explored both experi¬ 
mentally and theoretically in collaboration with Mr. G, Ifi. Briggs for the purpose 
of joint work on the apparent assimilation of whole plants* and cannot be 
considered in detail here. The theoretical problem is a complex one: for a pore 
of circular cross-section, and dimensions of tin? order of those found in Cherry 
Laurel and Vioia, the square root of the capacity for viscous flow of air appears 
to give the simplest reasonable approximation to the diffusive capacity of 
the stoma, whether the sides of the stoma in vertical section be straight, 


thus. 



Most stomata, however, appear to 


become narrowly elliptical as they close, and this change of cross-sectional form 
disturbs the simple relationship. There are, however, certain compensating 
factors which tend to minimise this distortion of the jaimpler relationship. 
One of these, namely, variability in opening within a group of stomata on the 
leaf surface, will be referred to in a later section. For the present the square 
root of the stomatal capacity for flow of air is taken as representing the 
closest simple approximation that can be made to an experimental measure 
of stomatal diffusive capacity. 

It may be noted here that, even if it were possible to make frequent measure¬ 
ments of average stomatal pore area on a leaf, during a transpiration or assimila¬ 
tion experiment, there would still remain the complex problem of the calculation 


* IJnpubliBhed work by G. K. Briggs and £. J. Maskell. The writer wishes to thank 
Mr» Briggs for his ready agreement to the inohtsioD here of the above brief refeirenoe to 
the results of that work. 
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of stomatal diffusive capacity, involving a knowledge of the depth of the pore, 
the shape in vertical and cross-section, and the way in which the shape changes 
with opening. 

One further point must be made before proceeding to a description of the 
e^erimental results. The rate of flow of air through 0 • 65 cm. of leaf surface 
will be a function, not only of the average stomatal opening, but also of the 
number of,stomata. Consequently if, from the porometer rate, an estimate 
is to be made of variations in stomatal diff^mve cafCuMy per unit surface area 
of leaf, correction must be made for any variations between different leaves 
in number of stomata per square centimetre. Measurements were therefore 
made of the number of stomata per square centimetre for most of the experi¬ 
mental leaves, both for the porometer area and for the rest of the leaf. For the 
purpose of graphs involving more than one leaf and showing the observed 
relation between stomatal opening (as measured by porometer rate) and rates 
of apparent assimilation (per 60 sq. cm. per hour), the porometer rates have 
been so adjusted as to take this factor into account. The ** adjusted porometer 
rates ” are so calculated as to bo proportional to the stomatal diffusive capacity 
of unit area of leaf surface.* 

Calculation is made as follows, all rates being adjusted to the standard of 
Experiment LI {v. p. 496) 

Adjusted porometer rate — observed porometer rate multiplied by 

N \/(Np„) 




X 


IT 


U 


where N = number of stomata per square centimetre of leaf surface on area 
exposed outside porometer chamber; Np — the same value for the surface 
inside the porometer chamber ; and Nu and Npu are the corresponding values 
for Experiment LI. 


(c) The Relation between Porometer Rate and Rale of Assimilation, 
December, 1920. 

The results of the first two experiments with the porometer apparatiis described 
in the previous section are shown in figs. 3 and 4. As in all the subsequent 
experiments on the relation between porometer rate and assimilation (except 
where the effect of change in light intensity is under investigation) the high ” 
light intensity was employed; and the concentration of CO* supplied was 

* Assuming, of course, the validity of the equation for eau»h 8toiiia---I)iffasxYe oapaoity 'tm 
^(eapaoity for air flow). 
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Figs. 3 ftnd 4«—March of assimilation and of porometer rate, December, 1920. In this 
os tn off suhsegruenf gro^ha of £/ie diwrnal march, A.A./CO| ratios are shown by thick 
lines, porometer rates by thin lines, and the vertical scale for porometer rate is onc-half 
that for the A.A./C!0|i ratio. 

Fio. 3.—^Experiment LI, B.Q., December 6-7. “ High light; average CO, == 
0‘230 per cent.; temperature 19*6-21 *2® 0. 

Fig, 4.—-Experiment LII, B.Q., December S-O. “ High ” light: average CO, ™ 
0*246 per cent.; temperature 19*2-20*4® C. 

such that the maximum values of assimilation should bo well below the light 
limited value. Following the procedure of the previous paper (12) the march 
of assimilation under these conditions is expressed in terms of the A.A./C0^ 
ratios (ratio of apparent assimilation to mean COg supply) for each assimilation 
reading. The thin lines, in figs. 3 and 4 , show the porometer rates —the heavy 
lines show the A.A./CO 3 ratios. The two curves show a fair agreement; a. 
slight rise on the second morning is evident in both curves, and is almost the 
last sign which the 1920 leaves showed of the rhythm of recovery from the 
nocturnal depression which characterised them from July to November, 

In the early part of the experiments the stomatal curve falls more rapidly 
than the assimilation curve. This relation is shown more clearly in fig. 6 , 
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where the A.A./CO 2 ratios have been plotted against the mean values of the 
porometer rate for the corresponding periods. Up to a porometer rate of 
about 10 the relation appears to be approximately linear. Above this the 
assimilation values rapidly fall away, and seem to approach asymptotically to 
a maximum. Taking into consideration the possibility that stomatal changes 
in the porometer area may not always run exactly parallel with those on the 
rest of the leaf, the values appear to fall pretty well on to a curve of quite 
definite, form, and, moreover, the two experiments show a large measure of 
agreement. (This agreement between experiments of about the same date was 
noted in the previous paper for the dimnal march of assimilation in these 
leaves, and it extends also to the form of the assimilation rate-porometer 
rate curves.) 

The general form of the observed relation between stomatal opening (as 
measured by porometer rate) and apparent assimilation is a consequence of 
the fact that the stomata form only a part of the total resistance to the uptake 
of OO 2 by the leaf. The remaining resistances include the resistance to diffusion 
in the air path up to the leaf surface, the resistance of the intercellular space 
system, of the cell walls and protoplasm up to the chloroplast surface, and, in 
addition, the resistances ” in the photochemical and chemical phases of the 
process of photosynthesis. The rate of uptake of COg by unit area of leaf, 
for unit external concentration of CO 2 , will be proportional to the reciprocal 
of the sum of these resistances per unit area. 

For the p\irpose of the present discussion it will be sufficient to write A.A./CO 2 

ratio — . .- '■ r , where S is the stomatal resistance per unit area, and L is the 

o “f" U 

sum of the remaining resistances of the leaf per unit area. When S is great 
compared with L, a ^all change in S will produce an almost poportionate 
change in the whole expression. As the stomata open and S becomes small, 
changes in S have less and less effect, and the values of the A.A./CO 2 ratio 
tend to the limit, A/L, The exact calculation of the stomatal resistance is 
one of extreme difficulty—the reciprocal of the porometer rate appears, however, 
the nearest experimental approximation to this value which can be made, and 
the writer has ventured an approximate solution of the experimental results 
in those terms. The thirty values of Experiments LI and Lll have been 
used to solve, by a least-square method, an equation of the form 

A.A./CO 2 ratio — 7 — -L— ^ in which corresponds to L, and Aj/P fo Bin 

Ki + 

the previous equation, P being the porometer rate. The equation calculated 
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is A.A./CO 2 ratio — ()V5265 + 0*591 /P ' calculated curve is sliuwa in 

tig. 6 as the continuous line. 



1 ^ 0 . 6.—Relation between porometor rate and apparent asBlmilatiou at high light, 
l>eoember, 1920. (Ab in all subsequent graphs of this relation, the scales for porameUr 
rate and A.A./COsral^ are of equal magnitude.) Experiments LI and LII (see figs. 3 
and 4). 

No more is claimed than that the equation provides a first approximation 
to an analysis of the data, and that it has a reasonable theoretical basis. 
Three assumptions are involved in its use. The first, which is inevitable if 
any use is to be made of the data, is that changes in stomatal opening in the 
porometer area approximately represent changes in the stomatal opening of 
the rest of the leaf. The precautions taken in technique already mentioned 
{p. 490) and subsequent experiments give reasonable grounds for this assumption. 
The second assumption is, that the remaining resistances of the leaf are approxi¬ 
mately constant under the experimental conditions (light constant, temperature 
and rate of air current approximately constant). As regards the resistances 
in the diffusion phase, the assumption is not unreasonable, and in so far as the 
rejsistanoes ” in the photochemical and chemical phases of the process are a 
iunction of light and temperature, the assumption is justified for these also. 

But these “resistances“ may also be a function of the CO 2 concentration 
at the chloroplast surface, especially as the rate of apparent assimilation 
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approaches the temperature or light-limited values. A more complete formula 

for the equation would then be A.A./COg ratio := . ; since^ 

k^ + k^L+kJ(P) 

with constant external concentration of CO 2 , the concentration at the chloro- 
plast surface will increase with increase in P. An equation of this form would 
give a curvcj deviating from the curve for the simpler form of equation, some¬ 
what in the same way as does the freehand ciirve drawn through the experi¬ 
mental points (see fig. 5). As the relation between rate of assimilation and COj 
concentration just outside the chloroplast surface is still, however, an unsettled 
problem,* the exact solution of this question must be deferred (see later, p, 627). 

The third assumption is that the porometer rate is inversely proportional to 
the stomatal resistance to diffusion. While this appears to be the nearest 
empirical approximation to the correct relation, theoretical considerations 
suggest that where eccentricity of the pore opening is important, the stomatal 
capacity for diffusion will increase less rapidly than the porometer rate. In the 
absence of precise knowledge on these two points, the simpler form of equation 
is retained as a provisional method of analysing the data. 

(d) Further ExperitnerUs on the Relation between Porometer Rate and Rate of 

Assimilation, 

Not all the experiments show the relatively simple relation between poro¬ 
meter rate and rate of assimilation shown in fig. 5, Experiment LXXVIII, 
May 6~6, approaches it closely (figs. 7 and 8), although three of the values in 
the middle region of stomatal opening (see fig. 8 ) lie well below a straight line 
joining the higher values to the origin. The stomata are, however, shutting: 
very rapidly at the end of the experiment, and close agreement would not be 
expected. In Experiment LXXIV, April 26-27, the divergence is of a slightly 
different typo (figs. 6 and 8). The values for the first day fall pretty well on 
to a curve of the usual form, but all the assimilation values on the morning 
of the second day are too low. The freehand curve drawn for this experiment 
neglects these values, but a curve drawn through the experimental points would 
apparently cut the horizontal axis at some point to the right of the origin. 
Clearly, during the experiment, parallel with stomatal closure, there is pro¬ 
ceeding an increase in the other resistances of the leaf. 

Using the terms of the equation above A.A./CO 2 ratio — ih this 

L + S 

* In the experiments of Harder, 1921 (t), and of Warburg, 1919 (16), only atheoretioal 
external oonoentration of COg is known, and there may be an appreoiable diffosion path in 
be taken into account (v, pp. 521-^22). 




T- " I---1---1-T”- I— - I ' I 

0 10 ^0 ^ ^ 40 

AdjuBted porometer rate 


FiOfl, 6, 7 and 8,—^March of porometer rate and of apparent assimilation, April and May 

1021 . 

FlO. 6.—^Experiment LXXIV, B.G., April 26-27, 1621. “ High light: average 
CfOj 0*353 per cent.; temperature 21-23” C. 

Fia. 7.—Experiment LXXVIII, B.O., May 5-^, 1021. “ High *’ light: average 
CO* 0*129 per cent.; temperature 10-8-22 *6” C. 

FiO, 8i —Relation between porometer rate and assimilation for Experiments 
LXXIV and LXXVIII (figs. 6 and 7). 
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experiment L is increasing with time, at first somewhat loss rapidly than S. 
later more rapidly than S. It does not appear probable, from the evidence 
discussed in the earlier paper*^ and from similar experiments in 1921, that 
this increased resistance is in general to be attributed to changes in the photo¬ 
chemical or chemical phases of photosynthesis. What appears more probable 
is a change in the resistance to diffusion offered by the cell wall and protoplasm. 
It is a possibility to be borne in mind that such changes may in some cases run 
parallel with changes in stomatal resistance—especially in the case of so marked 
a variation in stomatal resistance as is shown by the rhythm of nocturnal 
closure. 

Curves of each of the three types shown in figs. 3--8 were obtained at different 
seasons : in early January, 1921, curves like those of figs. 3, 4 and 5 for Decem¬ 
ber, 1920 ; in late January and April, curves like those of April 26-27 (figs. 
6 and 8); in May, curves like those of May 5-6 (figs. 7 and 8). The close 
agr(^ement between the results of experiments of about the same date is again 
a noteworthy feature of this material. 

(e) The March of Aimm'ilation Sates and Potoineter Rales in Leaves appearing 

in 1921— Effex;t of Drought 

A more complete scries of curves can be shown for leaves which appeared in 
May, 1921. Experiment XCIV, fig. 9, June 17 -18, 1921 ; the A.A./OOg ratios 
show high initial values, a rapid fall to 12 midnight, and only a very slight 
morning recovery. The stomatal curve follows the assimilation curve quite 
closely. 

The summer of 1921 was characterised by its very low rainfall, and experi¬ 
ments during July and August showed ver^ low porometer rates associated 
with very low assin^ilation rates, and the absence of that marked rhythm of 
nocturnal depression and morning recovery which marked the experiments in 
the same months of 1920. This condition persisted until October 4-6, when 
the break of the drought began. 

Fig. 10 (Experiment Cl, October 4-5) shows the form of curve typical of the 
summer period up to the break of the droiight. On the evening after these 
leaves had been picked nearly half an inch of rain fell. Fig. 11 (Experiment 
CIII, October 7--8) (this leaf having been picked two days after the rain) shows 
again the high initial values, both of assimilation and of porometer rates, noted 
in the June experiment and characteristic of the previous year’s results for 
this season. No recovery, however, either in assimilation or in porometer 

* Loc. cU,^ pp. 474. &c. 
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Figs. 9, 10, 11 and 12.—March of asBimilation and porometer rate for leaves appearing in 
1921. 

Fio. 9.“-Exi3orimont XGIV, B.O., June 17-18, 1921. “High*' light: average 
COj ™ 0-299 j>er cent.; temperature 21*4-24° C. 

Fio, 10,—Experiment 01, B.G., October 4-6, 1921, ‘'High’’ light: average 
GO, 0*330 per cent.; temperature 21*9--24° C. 

Fig, 11.—Experiment CIII, B.Q., Octol>er 7-8, 1921. “ High ” light: average 

COg 0*293 per cent.; temperature 23*4-24*6° 0. 

Fig. 12.—Experiment CVn,B,G., December 9-10, 1921. “ High ” light: average 
CO, *^=0*291 per cent,; temperature 19*8-20*6° C. 
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rate, occurs on the second morning. The relation betwe^ porometer rate and 
assimilation for this set of experiments is shown in fig. 13. EIxperiments 
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Fios. 13 and 14.—Relation between porometer rate and assimilation, summer, 1921, 
and winter, 1921-1922. 

Fiq. 13.->Jun€^and October, 1921. Experiments XCIV, Cl and 0111 (sae figs. 
9, 10 and 11). 

Fia. 14.—December, 1921, and January, 1922. 

Experiment OVII (see fig. 12). 

Experiment CVTII, B.G., January 4-5, 1922. “High” light: average 
CO, = 0*059 per cent.; temperature 18-19 *4° C, 


Cl and cm, during the drought, agree roughly with Experiment XCIV, before 
the drought, in the position of their initial values on the assimilatiomporometer 
rate curve, but the later assimilation values of both these experiments fall 
definitely too low. Again, an increased resistance on the part of the mesophyll 
cells of the leaf to the uptake of COg is indicated, and it seems reasonable to 
regard it as an effect of the drought. 


Vegetable Assimilatipn and Respiration. 503 

For the appearance of the typical rhythm shown in 1920, we have to wait 
until December. Fig. 12 (Experiment CVII, December 9-10) shows the first 
appearance of the full rhythm with morning recovery in the leaves of 1921. 
An experiment done shortly afterwards—January *4-5, 1922 (Experiment 
CVIII)—at an average CO^ of 0*059 per cent, only, was of interest in 
showing that the existence of the rhythm and the general magnitude of the 
values of the A.A./CO 2 ratios observed in this set of experiments were not 
peculiar to the particular range of COg concentrations employed. Fig. 14 
shows the adjusted porometer rate for these two experiments plotted against 
the A.A./CO 2 ratio. The data of two experiments appear essentially to form 
parts of the same curve relating porometer rate to assimilation, though the 
January experiment shows an advance on the December one in range of stomatal 
opening and of assimilation rates, just as tlic December one showed an advance 
on those during the period of drought July to October. . 

(/) The Daily March of Assimilation and of Pormneter Rates, July, 1922. 

Having brought the series back to the re-establishment of the rhythm with 
which, in a sense, the problem started, no further experiments of this straight¬ 
forward type were attempted until July, 1922, when, on leaves appearing in 
that year and developing under more favourable moisture conditions, it was 
hoped to obtain final evidence for the stomatal explanation of the rhythm 
shown so markedly in the summer of 1920. Fig, 15 (p. 504) shows the result 
of this experiment (Experiment CXI), wliich lasted from July 12, 7.30 a.m., to 
4 p.m. on July 15. It was impossible to make an unbroken series of estimations 
of the assimilation or of porometer rates, owing to the pressure of other work, 
but the evidence is sufficiently conclusive. In both curves there is a preliminary 
rise, followed by a rapid fall until 3 p.m,, and that succeeded by a slight tem¬ 
porary rise. After 8 p.m. the experiment was left running, but no estimations 
were made until the next morning. By 8 a.m. on the 13th the porometer rate 
had recovered from its low night value and showed a rapid rise to a maximum, 
at about 11.30 a.m. 

Before recommencing the assimilation readings the leaf was removed from 
the chamber, weighed, and porometer readings taken over its surface. These, 
as on the subsequent occasions during the experiment on which this was done, 
agreed remarkably well. At 11 a.m. assimilation readings recommenced. 
The high mi tial value is what would be expected from the porometer rate, and 
the two curves diow similar behaviour up to 10 p.m., when the porometer 
readings atop. It will be noted that the nocturnal depression is not so great, 
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though it is quite as well marked, as on the first night. Porometer readings 
begin again at 7 a.m. July 14, and show the usual recovery from the night 
values. Thereafter, however, with some fluctuations, they remain high, and 
the characteristic rhythm is absent. At 6 p.m. they are still very high. 



Fig. 15.—March of asaimilation and of porometer rate, Hummer, 1922. Experiment 
CXI, -B.G., July 1922. “High” light: average COg ~ 0-285 per cent.; 

t©mi)erature 22-23 • 9“ C. PoriodB during which no readings wore taken are indicated 
by the broken lines on the curves. 

During this day some readings of apparent assimilation at high COj concen¬ 
trations were taken; these arc omitted from the curve, values for A.A./CO 2 
ratios being given only for periods of low COg concentration, with assimilation 
rates well below the light-limited values. At 6 p.m. on the 14th the leaf was 
removed from the assimilation chamber and kept in a moist tin until next 
morning. On this day two assimilation readings at “ high CO 2 /’ alternating with 
two at *Mow OOg,” were made. The two readings at low COj give values 
of the A.A./CO 2 ratio which fall into line with the results for the first day. 
It will be seen that the porometer readings remain high on this day. 

Fig. 16 shows the relation between porometer rate and assimilation 
for this experiment, and the calculated curve of nearest fit of the form 
1 
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The fit appears to be closer than in the case of Experiments LI and LII 
(p. 496), but again there is the same kind of divergence between the apparent 



Fig. 16.—Relation between aHMirniiation and porometer rate* July, 1922. Experiment 

CXI (see 6g. 15). 

relation and the calculated curve. A freehand curv(j would rise rather more 
steeply and flatten out ” somewhat more abruptly. In general, this experiment 
repeats for the first two days the rhythm of assimilation shown in the summer 
of 1920, and shows that it is paralleled by a rhythm of stomatal behaviour. 
The form of the assimilation-porometer rate curve repeats that of December, 
1920, and, like that, is not complicated by that increase with time in non- 
stomatal resistance to diffusion, shown by leaves during the drought of 1921. 

(</) Experimevls with the Porometer on Lemes taken direct from the Bmh 

In the summer of 1920 leaves taken direct from the bush at 9 a.m. or 10 a.m., 
and set up at once in the assimilation chamber, showed a marked depression 
in assimilation—a “ first minimum at about 2 p.m. or 3 p.m.* Only aft.er 
recovery from this first fall did the characteristic nocturnal depression begin. 
It was of interest to see whether this “ first minimum was, like the nocturnal 
fall, to be attributed to stomatal behaviour. Accordingly, in 1921, after the 
break of the drought, experiments were done on direct leaves/* using the 
porometer. The results of two such experiments are shown in figs. 17 and 18 
(p. 606). 

Experiment CII was on a Botany School leaf (fig. 17a) and Experiment CIV 
on a Botanic Garden leaf (fig, 17b). Hourly readings of assimilation wore 

♦ See earlier paper (12). 
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made up to 9 p.m. or 10 p.m.; after that longer intervale were used. There was, 
as in the case of the 24 hour leaves at this season in 1921, no recovery in 



Fios. 17a, 17b and IS.—^Maroh of assimilation and of poTometer rate for leaves set up 
direct from the bush. 

Fio. 17 a. —Experiment Oil, B.8., Octolwr 5-6, 1921. High light: average 
COj = 0*246 per cent.; temperature 23-3-24 C C. 

Fia. 17b. —^Experiment CIV, B.G., October 11-12, 1921. “ High ” light; average 
CO, 0*317 per cent.; temporaturo 24*2-25^* C. 

Fio. 18.—Kelation between assimilation and pororaoter rate for “ direct leaves.” 
Experiments CII and CIV (see figs. 17 a and 17b). 

the morning, and the results are only plotted up to midnight. In spite of the 
very rapid changes, both of assimilation rate and of porometer rate, the parallel¬ 
ism between the march of assimilation and the march of stomatal opening is 
remarkably close, as |aay be seen also from fig. 18, which shows the relation 
between porometer rate and assimilation rate for these two experiments. It 
is clear that the “ first minimum ** is a stomatal phenomenon. 

It may be noted that the maximal values of the A.A./CO, ratio lie very high, 
especially in comparison with the “ 24-hour leaves of the same season 
{cf, fig, 13), This indicates some difference between “ direct leaves ” and the 
" 24-hour leaves ” in the non-stomatal resistances of the leaf. Time was not 
available for further exploration of this point; the experiments were designed 
merely as a further test of the stomatal explanation of the major variations 
observed during the march of assimilation of a leaf, at limiting concentra¬ 
tions of COj. 

* Leaves kept 24 hours before setting up in the leaf chamber (see previous paper). 
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(A) The EffeU of lAght Intensity upon AsaimUcUion Rate and upon Porometer Rate, 

Among those characteristics of the assimilation curves, which suggested the 
tentative conclusion advanced in the earlier paper, that the major variations 
in the A.A./CO 2 ratios wore due to changes in stomatal opening, was their 
relation to light intensity. It was shown 

(1) That comparing experiments done at proximate dates, the diurnal curve 
for the “ high” light intensity ran definitely above that for the “ low ” 
light intensity; and 

(2) That by increasing or decreasing the light intensity during the course of 
an experiment, the A.A./CO 2 ratios could similarly be increased or 
decreased. 


Experiments similar to those described in the earlier paper (ioc, dL, p. 481) 
but now using the porometer, were done to test whether the whole of this 
effect was, in fact, due to the influence of light intensity upon stomatal opening. 



light intenaitSea, 

Fxa* 19.—Experiment LVI, B.Q., January 20-21,1921. High " light: average 
COj — 0192 per cent.; temperature 19*6-^21® C. 

Fig. 20.—Experiment LVII, B.G., January 24-25,1921. “ Low ” light: average 
CO* « 0* 142 per cent.; temperature 20-21 - S'* C, 
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Two experiments (LVI, January 20-21, fig. 19, and LVII, January 24-25, 
fig. 20) at high light and lowlight respectively, are suflS^ciently close in 
time—within four days of one another-to be compared. Both show the 
phenomenon noted earlier in this paper for some April experiments (see p, 498), 
of assimilation values on the second morning which fall below those to be 
expected from the porometer rates. It is quite clear, however, that both 
assimilation rates and porometer rates are higher at the “ high ” light intensity, 
and also that at “ low ” light intensity the assimilation rates are depressed to 
a greater extent than are the porometer rates. 

It was important to confirm this result, and two further experiments were 
done, during February, in which changes of light intensity were made during 
the course of an experiment. The results may tni illustrated by means of fig. 
21 (Experiment LXI, February 18), which shows the values of the apparent 
assimilation and of mean CO 2 per cent, for omt of these experiments. Hourly 



Fios. 21 and 21 a.—^T he effect of change in light intensity upon porometer rate and upon 
assimilation. 


Fro. 21,—Experiment LXI, B.Q., February 18, 1921. Light “low” from 
11 a.m. to 3 p.m.; “ high 3 p.m. to 4.30 p.m.; then “ low.” Mean CO^ per 
cent, is shown on the graph by the dotted line, apparent assimilation by the thick 
contmuous lines. The readings of assimilation are numbered in serial order. 

Fro. 21 A. —^A.A./OOj ratios and porometer rates for Experiment LXI. The 
A.A./CO* ratios are shown by dots numbered to oorrespond with the assimilation 
periods (see ffg. 21). 
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readingH of assimilations were made, and when conditions were changed, an 
interval of half an hour was allowed before commencing the next reading. 

In these experiments it was first shown that increased CO 2 concentration 
(the second reading) increases the apparent assimilation (in both experiments 
to the same value—the light-limited value). The original CO 2 concen¬ 
tration is re-established ; the assimilation falls. Proof is thus given that, at 
the lower OOg concentration, OOg is “ limiting ’’ the rate of assimilation. The 
light intensity is now increased; the apparent assimilation imireases. The 
light is decreased ; the apparent assimilation also decreases. The porometer 
rates and the A.A./OOg ratios for Experiment LXl are given in fig. 21a. The 
A.A./COg ratios are numbered to correspond with the five assimilation periods 
shown in fig. 21 and the value for high ” light (No. 4) is distinguished by a 
circle. The second value is for the period at high COg concentration (CO^ not 
“limiting*’) and caimot be uscid for comparison with the others. It will be 
seen that increased light intensity is indeed accompanied by increased stornatal 
opening, but that the effect upon the A.A./COg ratio is still greater. The second 
experiment of the same type (Experiment LXII, February 22) gave exactly 
similar results. 

The results for these four experiments—LVl, LVII, LXI, LXII—are summed 
up in fig. 22, in which the A.A./OOg ratios (for those y^alues of the assimilation 
which arc “ COg limited ”) are plotted against the “ adjusted ** porometer 



Fio. 22.—Relation between aaHiinilatjon and porometer rate at “ high ” and at “ low ** 
light intensities. This graph groups the results for Kxi)ariments LVI, LVII, LXI 
(see figs. 31, 32 and 33). Also for Experiment LXII, B.G., February 22,1921, which i« 
of similar type to LXI. 
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rates. (Only the values of the first day for Experiments LVI and LVII are 
plotted,)* It is clear that we are dealing with two distinct curves, which 
approximate to one another at low porometer rates, but tend towards quite 
distinct maxima, which are determined by the light intensity, though they are 
by no means proportional to it. 


Reverting to the expression A-A./COg ratio — 


h 

S + L 


(p. 496), we may say 


that light has its effect upon the apparent assimilation, when COg is “ limiting,” 
by diminishing both 8, the stomatal resistance to diffusion, and L, the remaining 
resistances of the leaf. Whether this effect upon the non-stomatal part of the 
resistances in the process of assimilation be one upon the resistances in the 
liquid diffusion phase (from intercellular space through cell wall and protoplasm 
to ohloroplast surface), or upon those in the photochemical or chemical phases 
of the process, cannot, in the present state of our knowledge of the d 3 aiamics of 
photosynthetics, be exactly decided, since neither in the work of Warburg nor 
in that of Harder is the problem introduced by the resistance in the liquid 
diffusion phase satisfactorily dealt with. 

Some attempt will be made to discuss the work of these workers and of 
Lundeg&rdh in a later section, but it may be said here that an effect of light 
upon each of the resistances mentioned appears to the present writer highly 
probable. The effect upon the “ resistances ” in the photochemical phase 
may betaken for granted, although the exact expression of this effect in quantita¬ 
tive form is by no means easy. In addition, the temperature of the assimilating 
cell must inevitably increase with increased illumination, and some reduction 
in the ‘‘resistances” in the chemical phase and probably also in the liquid 
diffusion phase must result. Finally, the possibility of a direct effect of light 
upon the permeability of the cell wall and protoplasm to COg cannot be left 
out of account. 


(i) The Relation betmen Stomalal Capacity for Flow of Air and Stom/Ual 

Capacity for Diffusion. 

Up to this point the observed parallelism between porometer rates -and 
assimilation rates, and the relatively consistent relation which these rates bear 
to one another when results for the same period of the year are considered, have 
been taken as good evidence that the observed variations in assimilation were 

* Experiments LXI and LXII lasted only 7 hours; consequently, in drawing tliefreeliand 
curves for fig. 22, account has been taken of the first three readings only (repreaeftting the 
first 6 hours) of Experiments LVI and LVII. 
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largely occasioned by variations in stomatal opening. There remains the 
question whether the observed changes in porometer rates do, in fact, indicate 
changes in stomatal opening, of the order required to produce the observed 
changes in rate of uptake of CO 2 . Fortunately, the type of porometer employed 
and the care taken to standardise the method (sec ante, pp. 473-474) render it 
possible to carry the investigation some steps at least in the direction of answer¬ 
ing this question. 

It is first necessary to reduce the observed rates of air-flow and of diffusion 
to absolute dimensional units. The dimensions will be expressed in p units. 

1, Rates of Diffusion ,—The A.A./CO 2 ratio is the rate of uptake of CO^ by the 
leaf for a partial pressure of COg of 0*01 atmosphere. The rate of diffusion 
of COg along a tube of radius, r, and length, I, for a difference in pressure of 
COj of O'01 of an atmosphere maintained between the two ends is (using the 
constant established by Brown and Escombe (4)) 


3600 X 0-146 Trr* 


100 


X 


7rr* 


c.c. per hour -- 6-22 X -j 

t b 


(r and I being in centimetre units). Hence, 

A.A./COg ratio ,- 00 w 

" ' ■XT ' ' ^ 1 * 

50 X N I 

where N is the number of stomata per square centimetre and nr^jl represents 
the dimensions of a tube offering the same resistance to diffusion as is offered 
by the leaf per stoma to the uptake of COg. Hence, 

-a 

— = A.A./COg ratio -f- (6-22 Xn X 50 x N) in centimetre units, 

L 


or 

r* 100 

j ^ A.A./COg ratio X ^ 


The dimension r*/i will be used as the measure of diffusive capacity per stoma. 

2, Rates of Air Flow.—-Floy^ of air in a tube lia ving the dimensions r^/l will be 
proportional to f*/i,so that, for any observed rate of air-flow per stoma, a value 
r^/l may be calculated, which will represent the dimensions of a tube offering 
the same resistance to air-flow as is offered per stoma in the observed case. 
The porometer rate, which is the square root of the rate of flow of air, is thus 
expressed by the dimensions \/(r^/l). 

With a standard capillary tube of known dimensions (r*/i = 10*/3-17 in fx 
units) the observed time of flow, under the standard conditions for the flow 
meter, was 18 seconds, corresponding to a porometer rate of \/(10^/18). Hence, 
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for an obaervod rate of flow of air, P® (where P = porometer rate), the dimenflion 
10® 18 

f^jl is- X — X rn, where y -- number of stomata per porometer area, 

3‘]7 y 10* 


Hence (square root of capacity for flow per stoma) — P X 



in p units. 

As already explained, the porometer rates have been so calculated as to 
allow for non-stoniatal resistances in the path of flow (p. 492). The values 
obtained for square root of capacity for air-flow per stoma need, therefore, no 
further correction. The values obtained for diffusive capacity per stoma are, 
however, only directly valid when the other (nomstomatal) resistances in the 
path of COg uptake are negligibly small. For the purpose, tlierefore, of com* 
paring the observed relation between air-flow through the stoma with theoretical 
expectation, it is necessary to eliminate the non-stomatal resistances in the 
path of CO 2 uptake. This may be done approximately by the use of the 
equation already discussed (p, 496)--A.A./CO 2 ratio -- k/(L + 8), wdiere 8 is the 
stomatal resistance and L is the sum of the remaining resistances of the leaf. 


Used in the form A.A./CO^ ratio == ' , where P is the porometer 

rate, this enables us to calculate the relation between the A-A./COg 
ratio and porometer rate when the remaining resistances are zero, i.c., 
A.A./COg ratio —P/fcg. 

In fig. 23 (p. 613) are shown the calculated curves, of the form A.A./COj 


ratio — 


1 


for Experiments LI and Lll and for Experiment CXI; 

these arc plotted as the dimensions \/(r*/I) for porometer rate and r®// for up¬ 
take of COg. The broken lines show the direct relation between and 

r^/l calculated from tAese curves, what corresponds to P/Ag. 

The continuous line on the left of the figure shows the theoretical relation 
for a stoma of circular cross-section, and 12 p in length, end effects both for 
diffusion and for flow being taken into account. (12 (x is the average depth of 
the stoma of the Cherry Laurel leaves used in these experiments.) The calcu¬ 
lated relation for a stoma of circular cross-section with sloping sides would lie 
slightly above that for a straight-sided stoma. That for a stoma of elUpticid 
cross-section would lie considerably above both these curves. A thin broken 
line shows the experimental relation which has been observed in experiments 
on diffusion with Vida Faba, the mean pore length in that case being 16 fi.’** 


♦ Unpublished work by G. E. Briggs and E. J. Maskell 
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It is clear that, while the estimated relation in the case of the Cherry Laurel 
leaves is very close to one observed in the case of leaves of Vioa Faba, and is of 



FlO. 23,—R/elation between air-flow jxjr stoma and diflnsion per stoma (for explanation see 

text, p. 510, et seq.), 

the same order as the relation expected for a circular stoma, yet it does fall 
below even the minimum expectation. (The observed diffusive capacity 
is 50 to 60 per cent, of the minimum expectation.) The theoretical curve is, of 
course, based on the assumption that all the stomata are of the same size, shape 
and degree of opening. Actually this is far from being the case ; it has been 
found that the standard deviation of the pore area of a group of stomata may, 
especially for a small mean pore area, reach a value 50 to (]|p per cent, of the mean. 
Now, since diffusion is approximately proportional* to pore area, and air flow 
approximately proportional to the square of the area, tlie mean observed 
capacity for flow will exceed that theoretically corresponding to the mean 

^2 I ^2 

observed capacity for diffusion, in the ratio —^—, where d is the mean pore 

area and a is the standard deviation of pore area. (If eccentricity of pore in 
cross-section has to be taken into account, the divergence becomes greater still.) 
• In addition, we have here the possibility suggested earlier (p. 496) that the 
form of analysis employed neglects any increase in the equivalent resistances 

* Assuming the depth of the stoma to be grt'ater than its width, which will be true for 
small stomata! openings. 
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in the photochemical and chemical phases of photosynthesis as the stoma opens, 
and the concentration of COj, outside the chloroplast surface increases. Cor¬ 
rection for this factor would have the effect of steepening the slope of the curve 
relating the experimental values of and r*/?, but to what extent it is 

impossible to estimate in the absence of a deeper Icnowledge of the dynamics 
of photosynthesis than we at present possess.* 

On the whole, considering the confirmation afforded by the Vicia results, it 
seems reasonable to regard the stomatal changes, recorded by means of the 
porometer in these experiments, as of about the order adequate to produce the 
observed changes in apparent assimilation. 

Before leaving the subject of gaseous diffusion in relation to assimilation, it 
may be appropriate to consider one of the non-stomatal resistances in the path 
of CO 2 uptake—that of the air diffusion path up to the surface of the leaf (i.e., 
of the ** shell ’’ over the leaf surface)—concerning which it is possible to make 
some approximate calculations. This resistance cannot be greater than for a 
leaf of about this size, in the relatively still air of a room. This, on the basis 
of Renner’s experiments (14), would make the “ effective length ” of the shell 
1 cm. As the total depth of the loaf chamber is less than 1 cm., this estimate is 
much too great, but it will serve for calculation. If, on the other hand, we 
regard the conditions as those of “ a room with little draught,’’f the value 
indicated is about 0*2 cm. The total resistance offered by the leaf to uptake 
of CO 2 may be calculated as follows 

The diffusion of COj across an area of 50 sq. cm. and along a length of 1 cm. 


for a difference of pressure of 0-01 atmosphere will be 


50 X 3600 X 0-145 
100 


c.c. per hour := 261 c.c. COg. Hence the resistance offered by the leaf is, in 
261 

centimetres, since the A.A./COg ratio is the uptake for 1 hour, 

for 50 sq. cm, of leaf surface, for 1 per cent. COg. From the freehand curves 
for Experiments LI and Lll the maximal A.A./COg ratio would appear to be 
about 30, corresponding to a resistance of 8*7 cm. (The maximal A.A./CO, 
ratio from the calculated equation (p. 496) is higher, 37*7, giving a resistance 
of 6*92 cm.) Thus tlie resistance in the air path up to the leaf surface, which 
we may put at between 0*2 and 1 *0 cm., can form but a small part of the total 
resistance. 


The greater part of the non-stomatal resistance must lie in the liquid diffusion 


* An approximate solution is offered later (p. 521, U se^.). 
t Sep Jeffreys (9). 
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phase and in the photoohemical and chemical phases of the process. In the 
absence of any data for the average area of cell surface associated with a single 
stoma of the Cherry Laurel leaf and for the average length of the liquid diffusion 
path from cell wall to chloroplast surface, an estimation of the reststance in this 
phase cannot be made. A thorough investigation of the structure of the Cherry 
Ijaurel leaf from tliis point of view is much to he desired, but it could not be 
carried out in the time at the writer’s disposal. 

(j) On the Effect of ‘‘ stirring ” the Air in the PhM Chamber. 

These calculations make the air path resistance between 3 and 14 per 
cent, of the total. During the course of the experimental work a large 
number of experiments were carried out, in which the air in the leaf chamber 
was violently stirred or agitated, in order to determine whether any effect on 
apparent assimilation could be observed. Periods of “ wind ” were alternated 
with periods of still ” air, in which only the normal rate of current was main¬ 
tained. . The effect observed was very small, the maximum observed effect 
being less than 10 per cent, and the average effect loss than 5 per cent. This 
acoords with the calculations made above. 

(A*) Sumfmirg of ExperimMieil Resfiks. 

Certain general features of the results described in this and in the preceding 
paper may be briefly summed up here. 

It has been shown that for the Cherry Laurel leaf there is not, for any one 
external concentration of COg, one definite rate of apparent assimilation as 
appeared to be the case for Elodea (Blackman & Smith, 1910 (2)); nor can the 
rate of assimilation be defined by defining the light intensity in addition to the 
external CO 3 concentration (as appears to be the case tor the experiments of 
Lundeg&rdh (11), Warburg (15) and Harder (7) ), The variations observed in 
rate of uptake of COg have been shown to be due to variations both in stomatol 
remtmce and in the remaining resistances of the leaf. 

The stomatal resistance has been shown to depend upon— 

(1) ttie season of the year (the range of stomatal opening at constant light 

intensity being different for different months); 

(2) the time of the day (evidenced by the diurnal rhythm of stomatal 

opening at constant light intensity); 

(3) the time elapsed from the beginning of the experiment; 

(4) the intensity of the illumination ; 

VOL. On.—B. 2 Q 



516 


E. J. Maskell 


(6) the previous history of the loaf (of, experiments on "direct” leaves as 
compared with “ 24-hour ” leaves). 

(6) the previous moisture conditions of the plant (experiments on leaves 
during the drought of 1921). 

The non-stomatal resistance has been shown to depend upon— 

(a) the time from the beginning of the experiment (this effect is also a 

function of season (p. 500) and of the previous conditions of the 
plant (p. 602); 

(b) the intensity of the illumination (pp. 609-10); 

(c) the moisture conditions of the leaf (experiments on “slashed” 

leaves (12)). 

Fig. 24, in which are collected the freehand curves for adjusted porometer 
rate and A.A./C 02 ratio of six groups of experiments, shows that the non- 
stomatal resistance depends also upon the season of the year, and upon the 
previous moistiirc conditions of the plant. The relative magnitude of this 
resistance will roughly be inversely proportional to the value of the A.A./COg 
ratio at a porometer rate of «>, i.e., to the apparent maxima to which the curves 
tend. Comparing curve 1 (December, 1920) with curve 3 (July, 1922), it will 
be noted that the winter values lie well above the summer values. The same 
is true for curves 4 (December, 1921, and January, 1922) and 6 (June to October, 
1921), but both these curves, which are for leaves developing during the drought 
of 1921, lie below the corresponding curves for the more normal years 1920 and 
1922. 

Curve 2, for late January and February, 1920, differs from that for December, 
1920, in its lower portion (see earlier, p. 497), but tends to the same maximum, 
while that for April, 1S21, curve 7, though of the same form as curve 2, lies 
definitely below both curve 1 and curve 2.'* 

These seasonal variations show a remarkable similarity to the seasonal 
variations in photosynthetio activity, measured with temperature or li^ht 
limiting, described by Miss Matthaei (13) for Cherry Laurel. She found high 
values January to March, low values in April (the value for unit light in April 
is about 30 per cent, below that for unit light in January, February and Match), 
and low values also in the summer. The change between October and Kbvem- 
ber in the light limited vidues of apparent assimilation in this series of experi¬ 
ments has already been noted (12). In February, 1921, the light limited value 

* To avoid oomidicatiiig the piotun only the uppw parte at onrves 2 and 7 are given. 
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FfQ. 24.—^Relation of assimilation rate to poiometer rate at difiereut seasons. 

Curve 1.—^Experiments LI and LII, December 6-9, 1920. 

Curve 2.—ExperimentH LVI, LXI and LXII, January 20 and February lB-22, 

1921. 

Curve 3.—^Experiments CXI, July, 1922, 

Curve 4.—Experiments CVII and OVIIl, Booember 9, 1921, and January 4, 

1922. 

Curve 6.—Experiments XCIV, Cl and CIII, June 17, October 4, and October 7, 

im. 

Curve 6«*^Experiments LVU, LXI and LXII, January 24, and Februaxy 18*22, 
1921, at W %iU. 

Cuxve 7.—^Experiment LXXIV, April 26*27, 1921- JV.B.—^Thia curve is errone¬ 
ously marked as ** at Xiow Light in the diagram, it should be **at High 
Light.” 

is still at the level found in November, 1920, but in July, 1922, it is down to 
the sonunei level again. This change from summer to winter agrees witii 
Mias Matthaei’s observations. 

Thji^ effect of season upon the non-stomatal resistance thus appears to be 
attx^table to seasonal changes in the “ resistance ” in the photochemical 
and phases of photosynthesis. Such changes have been described 

Iw Bdggs, 1922 (3), as changes in amount of active chloroplast surface. The 
evktenoe here presented shows that seasonal variations in this factor affect 
vhen CO, is limiting as well as when light and temperature are 
luodtingr-a result predicted by Briggs* in the papto just mentioned. Data 

• Briggs (to. ©«.), p. 8$. 
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aie not unfortunately available for the light limit during the drought (ourvea 
4 and 5). It seems probable that in this case part of the observed depression 
in assimilation may be due to a change in the resistances in the liquid diffusion 
phase. 

With the apparent assimilation for constant external GO| concentration thus 
affected by such a galaxy of internal and external factors, in what sense can 
the external concentration be said to be UmUing the rate of assimilation 1 
Certainly not in the sense in which the term applied to the Elodea results of 
Blackman and Smith, nor in the sense in which the term can be applied to light 
or temperature. 

There appears to be for any given light or temperature a maximal assimilation 
which cannot be increased by increase in any other external factor. (The value 
of the maximal assimilation per unit area of leaf would be determined by the 
amount of “ reactive chloroplast surface ” per unit area of leaf.) Temperature 
and light will, therefore, set definite limits to the rate of assimilation, limits 
which can for moderate intensities of light and of temperature be ascertained 
with reasonable accuracy. The only limit in this sense which could be set by 
the external COg concentration would, for any given leaf, be reached when the 
stomata were at their maximal opening, the wind conditions suoh that the 
concentration of the COg immediately over the leaf surface was praotioaUy the 
same as that in the external air, the resistance to diffusion through cell wall 
and protoplasm no greater than that for an equal diffusion path of water, and 
the concentration at the chloroplast surface approxinoately zero. 

This distinction, between COg on the one hand, and li^t and temperature 
on the other, has been indicated in this paper by the use of inverted oonunas 
for the term “ limiting ” when applied to CO,. There is, however, a sense in 
which the term may bfe useful. COg may be said to be “ limiting ” the rate of 
apparent assimilation when a small change in the COg concentration, other 
factors being constant, produces an ai^roximately proportionate change in 
apparent assimilation. For land leaves this relation appears, from the woih of 
Brown and Esoombe (5) and Lundeg&rdh (11), to hold over a range of (K>| 
concentrations very much exceeding that of the normal atmos;^6te, and 
apparently up to an assimilation rate approaching the temperature or lig^t 
limit. The present experiments, so far as they offer evidence in this dheetiiMi, 
confirm these conclusions. 

Betaining the term “ COg limiting ” in this sense, it may be conveident 
here to make as predse as possible the form in which an analysis of the rate of 
apparent assimilation of the " OOg limited ” leaf can in the writer's opinion be 
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usefully made. The rate of assimilation under these conditions is regarded as 
being determined by the external COj concentration and a set of resutanoes 
between “ source ” and “ sink.” Thus 

Apparent Assimilation == k ffla , 

rj -f r2 + r.^ + u + 

where is the resistance to diffusion in the air path up to the leaf surface, 
that of the stomata, that of the intercellular space system, that of the 
path of liquid diffusion, and hhe equivalent “ resistances in the photo¬ 
chemical and chemical phases of the process of photosynthesis; all the resistances 
being expressed per unit area. These last resistances, 3 ,, will be a function 
of light and temperature and of those internal factors which affect asainiilation 
when light and temperature are limiting (p. 618). At concentrations of COg 
such that the assimilation approaches the light or temperature limits, thes^^ 
last resistances must be a function of CO 2 concentration also, but, for the 
region in which approximate proportionality between assimilation and external 
concentration of COj holds, this complication may obviously be neglected. 

The effect of change in any external or internal factor, other than COg, upon 
the rate of assimilation under these conditions will depend upon what fraction 
the resistance or resistances affected by the external factor are of the total 
resistance. Thus at ** high light intensity and adequate temperature, when 
is small, a given change in stomatal opening will have a bigger effect than 
at ** low light intensity, and similarly the effect of change in light intensity 
apart from its effect on the stoma will be greater at wide stomatal opening than 
at narrow. 

Section II.— The Interaction of Limiting Factors— A Discussion. 

(a) liecetU Work 

Two aspects of what is understood as the theory of limiting factors have been 
the sabjeot of papers appearing while this work was in progress;— 

(1) The fflTin of the curves relating concentration of CO, or light intensity 
to rate of assimilation; and 

(2) The possibility of increasing the rate of assimilation by increasing the 
intensity of other factors than that which is held to be limiting. 

The ooDO^tion of assimilation developed in the last section will be used as a 
basis for the discussion of these resulte. 

I«uadi^g 5 idh ( 11 ) has studied the relation of apparent assimilation to increasing 
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intenfflty of light for sub leaves (Nasturtium), and for diiade leaves (Osadis). 
The relation for the shade leaf is regarded by Landeg&rdh as approximating to 
the “ limiting factor curve ” of Blackman and Smith, that for the son leaf as 
approximating to the relation established by Warburg (16). DiSerenoes in 
difiusion relationships are offered as an explanation of the difference between 
the two curves. Lundeg&rdh interprets the rising limb of the curves as ligkt* 
liitaited, and the horizontal, or approximately horizontal, portion, as CO 2 limited; 
and is able to show that, even in the “ light limited ” region, the assimilation 
can still be increased by increase in COj concentration. But the rising limb 
of the curve cannot be accepted as light limited in the sense used by Blackman 
and Smith and retained in this paper (p. 518). The true light limited values of 
assimilation are only reached at much higher CO, concentrations. 

Again, the values of assimilation used in Lundeg&rdh’s curves are not simple 
assimilation values, but have been corrected to a CO, concentration of 0*67 mg. 
per litre. They are, m fact, A.A./COg ratios and, moreover, there can be no 
doubt that their increase with increased intensity of illununation is, in part, 
to be ascribed to the effect of light on stomatal opening—an effect which would 
in itself give curves of the form shown. It is significant that according to 
Lundeg&rdh the stomata of Oxalis, a shade plant, may be found fully open at 
light intensities above “ one twelfth,” while in deeper shade they are only one- 
half to one-quarter open; for his light-assimilation curve reaches its marimwm 
value at about ” one-tenth ” light. In the case of sun leaves, maximal stomatal 
opening may with reason be supposed to be reached only at higher light 
intensities. 

It is not surprising, therefore, to find that Lundeg&rdh’s ” OOg curves ” - 
(relating apparent assimilation and COg concentration), at various constant 
light intensities, are quite different in form from his “light curves.” The 
" COg curves ” appear to consist of an appoiimately linear limb, the “ COg 
limited” region, and an approximately horizontal limb, the light limited 
region, connected by a quite narrow transitional region. It seems clear in tins 
case that interaction between GOg and light in the photosynthetic process itself 
can be practically neglected until the light limit is almost reached. On the 
view suggested here, the steeper slope of the “ COg curves ” at the hi^er light 
intensities would be due to a wider mean stomatal opening. 

The case is quite different in the work of Harder (7), and of Warburg (16), 
where the “ COg curves ” as well as the “ lig^t curves ” are of form shown by 
light curve of Lundeg&rdh’s sun leaf, «.e., the curve paeaea gndtuny ftaia. a 
region of rapid increase with increase in the variable factor to a reg^ in wlrioh. 
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increase with increase in the variable is zero. These expexicaents are for water 
fribuits in carbonate-bicarbonate solutions, and it is difficult to compare the 
conditions with those of a land leaf. It seems clear, however, that in these 
cases the effect of the COg concentration at the chloroplaat surface upon the 
“ resistances ’’ of the photochemical and chemical phases cannot at any point 
be left out of account. 

Any analysis of the dynamics of photosynthesis aiming at completeness must 
necessarily provide for interaction between CO2 and light of the type found by 
Harder and Warburg. The position may roughly be stated as follows: The 
< 5 urve relating CO2 and assimilation or light and assimilation may bo regarded 
as approximating in form to an oblique hyperbola. When the corner ’’ is 
sharp, a statement of the two asymptotes to the curve will describe the curve 
for all practical purposes {this is the typical “ limiting factor relationship ” of 
Blackman and Smith's Elodea results, and of Lundegardh’s COg curves). When 
the corner is more gradual a statement of the two asymptotes—representing 
the analysis in terms of limiting factors—will be inadequate even for the 
empirical description of the phenomena, and we shall need the full equation to 
the curve. For the complete description of the phenomena we shall in any 
case need the full equation. 

In the case of the land leaf, interaction between light and COj of the type 
found by LundegArdh may in part be attributed to the effect of light upon 
stomatal opening. In the case of Cherry Laurel we have evidence that in 
addition to an effect of light on stomatal opening there is an effect on the non- 
stomatal resistances in the path of COj uptake; and seasonal changes in the 
photosynthetic activity of the leaf (as measured by the seasonal changes 
in Ught limited assimilation values) have a parallel effect {cf. curves 1, 8, 
and 6, fig. 24). ^ 

An attempt will be made, therefore, to take into account this interaction 
between light and COj in the case of Cherry Laurel, and to combine this with 
some consideration of the resistances in the diffusion phase of photosyntiiesiB. 
It is realised that the solution offered must be far from complete, in particular 
because the effect of temperature and the problem of the chemical or “ dark " 
phase of photosynthesis must be neglected. 

(6) Theeretical Scheme for (he Ouse of the Land 

For the present cese, in which the asaiznilation is well below the temperature 
limit, we may adopt Warburg’s laotuie of the photochemical phase, as a siiaple 
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expression of a possible type of relationship between OO 2 and light at ikt^ oUoro- 


ploBt surface. On this view the rate of assimilation is prop(>rtioml to ^ , 

where L is light intensity, Cg is concentration of CO 3 at the ohloroj^ast surface, 
and Kj. is the ratio of the velocity constant for the disBociation of some photo- 
chemical product (the rate of formation of which is proportional to L) to the 
velocity constant for the combination of this photochemical product with 00 a* 
If now we express light intensity in terms of the light limited values of real 

L X C 

assimilation we have Real Assimilation, y, as :—y = --Assuming nov\ 

for simplicity, that we may neglect any resistance in the diffusion path of the 
respiratory CO 2 up to the chloroplast surface (or that tins path is short compared 
with the path to the outside of the leaf) we have r - -Apparent Assimilation 

^ -where C is external concentration of CO® and D 

” I^s “T 

is the total resistance in the diffusion path of CO 2 , from outside the leaf up to the 

L X C C_C 

chloroplast surface. Hence Real Assimilation is y = ——— —=^-5 + R, 

I 9 + X/ 


LxO^ 


assimilation we have Real Assimilation, y, as :—y 


Assuming nov\ 


B, where C is external concentration of CO 2 and D 


chloroplast surface. Hence Real Assimilation is y = 
from which 

<»> 

For the curve relating y to increase of C, we have* 
dy _ 1 / 1 


dO D Ki/T. i . 

When y = L, i.e., when the light limit is reached, then dyjdG = 0 ; or, 
y = L, forms the horizontal asymptote of the curve relating y and C. 'When 
y == dh 00 > then dy/S.' — 1 /D, this being the slope of the asymptote to the 
ascending limb of the curve. 

For any given fraction, y/L, of the maximal assimilation at any given light 
intensity, the slope dyldC of the curve relating assimilation to CO, oonoeatea- 
tiou will be relatively less than the asymptotic value, 1 /D, aoooiding as 


1 .4. 5a/-,± \ 

^ D l(L-y)*; 

is less than unity, t.e., aooording as D or L are relatively small or as E|, is 

* Following the usual practice it is aasomed that rate of nspitrtionis oonstaat, apart from 
tenpwaittte fluctuations, whioh are left out of aeoonnt hete. • 
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rektively great. That is to say, the “ corner ’* of the “ CO* curve will be 
sharp for relatively high values of D (the resistance to diffusion of CO* into the 
cell) or of L (the light intensity) and sharp also for relatively low values of Kj. 
(low values of Kj^ representing a high efficiency of the photochemical mechanism 
at the chloroplast surface). 

Similarly, for the curve relating assimilation and light intensity, 


fr<im which 


(b) y^Lx 


I + R-, 


di, ~ 


D 


H R - jy 


g + R-.v + ^ 


"Wlien y ~~ ^ -f- R, then ^ — o ; or y ~ f R is the horizontal asymptote 

of the curve. When y = ± «>, then dy/dL — 1; this is therefore the slope of 
the asymptote to the ascending limb of the cmve. Similarly, for C = ® 
d^ldj, — 1 . 

Thus for any given fraction of the maximal possible assimilation, C/D R> 
at any given CO* concentration, d^ldf, falls below unity according as D, 0 or 
R are relatively small or as Kj, is relatively great. That is to say, the “ comer ” 
of the curve relating light and assimilation will be sharp for relatively high and 
gradual for relatively low values of D (the resistance to diSusiou of CO, into the 
•oell), or of C (the external CO, oonomtration), or of R (the respiration). A 
change in the relative value of K,, will operate in the reverse direction. 

It seems clear that, if this equation forms any approximation to the real 
xelation between the factors controlling photosynthesis, the divergences foimd 
in the form of the curves relating assimilation to C 0 „ or to light, represent 
variations due largely to different relative values of the resistances in the 
'diffusion and photochemical phases of the process. The Elodea result would 
«qi!rwpond to a set of conditions with a high resistance to diffusion, or a high 
effioieQey of light at the chloroplast surface or a high light intensity, while 
Harder’s results would correspond to a set of conditions with a relatively low 
resistance to diffusion or a low efficiency of light at the chloroplast surface or 
both of these. 

• The results may be illustrated by the following approximate sedution of the 
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case of the Cheny Laurel leaf in terms of the suggested equatioor—Beal 

n n L X C 

Assimilation = ■■ ^— 5 -f R r=: . , ? , The resistances in the diffusion 

D Cg 4* Kj, 

phase may be expressed as centimetres in an equivalent air diffusion path 
(o. ante, p. 614); C (the external COj concentration) therefore becomea 
261 X mean CO 2 per cent. The total diffusion resistance, D, is subdivided 
into a stomatal resistance, Dg (estimated as X 1 /P, where P ™ porometer 
rate), and the remaining resistances of the diffusion path, Dj^. 

light intensity, L, is expressed in terms of the light-limited real assimilation 
values. (For the tointer season, 1920>-1921, these are : “ high " light, 6-95 cx. 
COj ; “ low ’’ light, 2*9 cx. COj, per 60 sq. cm. per hour. For the summer of 
1920 they are: “high” light, 6‘2 cx.; “low” light, 2*6 c.c.) The effect 
both of change in light intensity and of seasonal changes in photosynthetic 
efficiency (t?. p. 617) is thus expressed by a change in the value L. Respiration, 
R, will be slightly different at the two light intensities owing to the difference 
in leaf temperature. At “ high ” light it is taken as 0*4 c.c,, at “ low ” light 
as 0*3 cx. 


The case taken for solution is that represented by the experiments at “ high ” 
and at “ low ” light in the winter of 1920-1921—Experiments LI, LII, LVl, 
LXI, LXII and LVII (curves 1 , 2 and 6 , fig. 26). In order to obtain a maximum 
estimate for the interaction between light and COj in the reactions at the 
ehloroplast surface, it has been assumed that the whole of the observed effect 
of light upon apparent assimilation, at constant stomatcd opening, is due 
to the effect of light intensity upon the “ resistances ” in the photochemical 
phase ( 0 . ante, p. 510) and that there is no effect upon the resistances in 
the liquid diffusion phase. This gives us a maximum value for Ki,. On 
this assumption the^ values of the constants obtained by trial are Dr 6, 
Dg =* 120 P,^ Ki, = 6 , so that, for “ high ” light, Apparent Assimilation 

_ 0-4. .»i for “iw," light. 


IS 


A A =*= 261 X COa per cent. - Ca ^ 2»9C, _ „ 

6 + 120 /P Cb + 6 “ 

Theoretical CO 3 curves using these constants will be found in fig. 26 (p. 626)r 
but we may consider first the theoretical curves relating porometer rate and 
A.A./CO 2 ratio, since the experimental curves of this type have been so laiigely 


^ would bring the relation between stomatal capacity for fiow of air and stomatal 
capaolt^ for diffusion about midway between the thaoreUoal curve, 6g.2S, and ibe relatkm 
previously calculated (tr. p. 511). 
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used in developing the present series oi data. These curves are shown in 
fig. 25. Curve 1 is for 0*15 per cent, mean CO 2 concentration, and the 



Fio. 35,—^TbeovtJtical relation between stomatal diffnBivo capacity and assimilation 
(mean OO^ per cent, and light constant). Theoretical OTirves (1,2 and 3) axe shown by 
the continuous lines. Experimental curves (1a, In, 2a and 3a) by broken lines. 

Curve 1,—“ High ” light, mean GO, =» 0» 15 per cent. 

Curve 2.—“ High ” light, mean 00, =» 0*25 per cent. 

Curve 3.—“ Low ** light, mean CO, =» 0-16 per cent. 

Curve 1 a, December, 1920, Experiments LI and LII. “ High light, mean CO, 
(for porometer rates above 10) «« 0*17 per cent. 

Curve iB.—^January and February, 1921, Experiments LVI, LXI and LXII. 

“ High ** light, mean CO, (porometer rate < 10) =x 0 -16 per cent. 

Curve 2a.— July, 1922, Experiment CXI. High ** light, mean CO, (porometer 
rate < 10) =» 0*25 per cent. 

Curve 3 a.—J anuary and February, 1921, Experiments l^VIL LXI and LXII. 

“ Low ” light; mean 00, (porometer rate < 10) »» 0* 16 per cent. 

For the theoretical equation, see text, p. 524. 

“ high ” light, and may be compared with the experimental (freehand) curves 
lA, for Bzperiments LI and LII, and 1 b, for Experiments LTI, LXI and LXII. 
For porometer rates above 10, the mean 00, concentration for curve 1 a was 
0-17 per oent., and for curve 1 b, 0*15 per cent. 

It win be seen that the theoretical curve 1 is closer to the experimental curve 
lAtiMn theourve previously calculated (pp. 496-7) is. Both curves rise sharply 
and then flatten out. At high porometer rates the A.A./00, ratio is affected 
1 ^ tlt« 00 , oonoentration, so that the theoretioal curve for 0*26 per oeot. 
00 ^ oorre 2 , lies, for high porometer rates, bdow that for 0 * 16 per oent. 00 ,. 
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Fio. 26.—Relation of apparent asaimilation to mean COj oonoentration. 

Curve 1.—“ High li^t, porometer rate »= 60. 

Curve lA.—“ High ** light, porometer rate 6. 

Curve 2.—“ Low ” light, porometer rate »= 50. 

Curve 2a. —“ Low •* light, porometer rate «= 5. 

The asymptotes of the curves, COg ^ ot, are shown by the horissontal lines on 
the ri^t of th^ figure. The horizontal lines a, 6, c, d on the left mark the highest 
levels of apparent assimilation reach^ in the experimwats with 00« “ limltog 
discussed earlier. 

a. Experiment CXI, July, 1022. 

b. Experiments LI, LII and LVl, December, 1920, and January, 1921. 

c. Experiments XdV, Cl and CIII, June and October, 1921. 

d. Experiments CVH and CVIII, December, 1921, and January, 1922, 

Fto. 27.—As fig. 26, but the constant Ki. (see text) in the photoohemioal phaw 
reduced from 6 to 0*6. 

Fm. 28.—^Relation cd real assimilation to light intensity. light intensify is 
measured in terms of light limited aasimilation values. 

Curves 1. 2 and 3 are £or0<L 0*2 and 0*3 per cent, mean 00a, ^nd {KXKMieter 
rate «? 60. 
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ito. 28—(oontinued). 

Curve 3a (brokea line) is for 0*3 per cent. CO, and porometer rate — 5. The 
position of the asymptotes (at L == ao ) is indicated by the levels It 2, on the 
right of the figure. 

Fm. 29 .—^Ab for fig. 28, but the constant Kt in the photoohemioal phaee reduced 
from 6 to 0*6. 

Fio. 80.—^Theoretical relation between A.A./CO* ratio at “ high ” light and level 
of apparent assimilation at which it is measured Both A.A./OOs ratio and apparent 
assimilation are expressed as a percentage of their maximum value. 

Curve 1.—Porometer rate === 60. 

Curve 2.—Porometer rate $ ; and for both curves Kl — 6. 

Curve 1a. —Porometer rate = 60, but Ki, = 0*6. 

The line M marks the position of the level, a, in fig. 26, so that the experimentally 
used values of the A.A./COt reties lie almost entirely to the left of M and above 
curve 1. 

Experiment CXI, in the summer of J922 (curve 2a), was at a mean COj oonoen- 
tration (for porometer rates above 10) of 0 *25 per cent. It will be seen that it 
lies well below expectation, so that, although part of the depression noted 
earlier (p. 516) in this summer curve, as compared with the winter curve, 1a, 
may be due to the higher mean OO^ concentration, part cannot be so explained, 
but is probably due, as was suggested earlier, to seasonal changes in photo** 
synthetic activity. Calculation from the level of the curve would suggest a 
l^t-limited assimilation value of about 6*8 c.c. as against 6*95 o.c. for the 
winter season of 1920-1921. 

Curve 3 is for “ low ” light inteimity and 0* 15 per cent. CO,, and, with curve 
1 , represents the effect of change in light intensity observed in the experimmtal 
curves In and 3a (p. 526). The mean COg per cent, for porometer rates above 
10, for curve 8a, was 0*163 per cent. 

It win be seen that the general results obtained from the consideratiou of 
the experimental curves can be reproduced in the theoretical curves, and that 
the types of interaction found between apparent assimilation and stomatal 
opening, seasonal ohwges in photosynthetic activity, and light intensity, 
follow naturally from ike theoretical formula. 

In %B. 26 and 28 (p. 526) are shown the theoretical curves, relating assimila¬ 
tion to OOg concentration and to light intensity, derived from the formula on 
p. 522, with the constants as calculated for the case of Cherry Laurel. In 
fig. 26 Apparent Assimilation is plotted against external OOg concentration. It 
will be seen that the curves pass approxknately through the origin. Curves 
1 and 1a are for “ high light, at wide stomatal opening (porometer rate =« 60, 
curve 1) and narrow stomatal opening (porometer rate — 5, curve 1a) respec¬ 
tively. Curves 2 and 2a are fonthe ** low light intexisity at the same stomatal 
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openings. It will be seen that the “ comer ” of the CO, ourves is sharper with 
the “ high ” light intensity than with the “ low," and sharper also at the 
narrow stomatal opening than at wide. It may be noted that curves 2a and 1 
reproduce the tjrpe of relationship shown by Lundeg&rdh’s “ CO, curves ” at 
different light intensities if we assume that the stomatal opening is narrow 
(P = 6) at the “ low ” light and wide (P = 60) at the “ high ” light. 

The horizontal lines on the left of the figure mark the maximal values of 
apparent assimilation found in those experiments with CO, “ limiting ” which 
have been used for the earlier analysis of the phenomena, e.g., fig. 24. They 
show that, even vrith the widest stomatal opening (curve 1) we have been work¬ 
ing over a region of the CO, curve which is approximately linear and that the 
use of the A.A./CO, ratio has not seriously distorted the results. The majority 
of the experimental points will, of course, lie between curves 1a and 1. 

An alternative method of expressing this fact is shown in fig. 30, where the 
theoretical A,A./CO, ratio, calculated as a percentage of the maximum possiUe 
{i.e., as a per cent, of the slope of the CO, curve at zero assimilation) is plotted 
against the Apparent Assimilation, expressed as a peroentage of the possible 
maximum (the light limit). The vertical line M marks the position of the 
highest apparent assimilation rate observed with 00, “ limiting” (level a in 
fig. 26). It will be seen that up to this level the fall in the A.A./CO, ratio, as 
the assimilation increases (with increasing external CO, supply), is relatively 
small, even for the wide stomatal opening (curve 1) and almost negligible for 
the narrow stomatal opening (curve 2). Thus, at the wide stomatal opening, 
between an assimilation rate of 2*56 (39 per cent, of the maximum) .at 0*1 
per cent. 00, (the lowest used at this stomatal opening), up to an assimilation 
rate of 4*2 c.c., or 64 per cent, of the maximum, the AJL./C0, ratio falls only 
from 91*5 per cent, ^f its maximum to 82*5 per cent, of its mairfminti ; while, 
for the narrower stomatal opening, starting at the same CQ, oonoentration and 
working up to the same upper level of assimilation, the ratio falls only from 
97 * 5 per cent, of its maximum to 94 • 8 per cent. While, therefore, the theoretical 
equation is believed to represent the relations more truly than was poasilde by 
confining attention to the A.A./CO, ratios, yet the rise of this provinonal totd, 
which made possible an economical description of the experimental resiilts, 
has not seriously distorted their presentation. 

Theoretical “ light ourves ” for the constants already used (p. 524) are shown 
in fig. 28. Stomatal opening and respiration (0*4 c.o.) have been assumed 
constant at all light intensities and three ourves <1, 2 and 3) axe givoi lox 0*1 
0*2 and 0*3 per cent. 00, respectively, at a porometcr rate of 60, Curve 8A 
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illuatratefl, for a porometer rate of 6 and 0*3 per coat. CO,, the sharp corner 
obtained when the diffusiou resistance becomes relatively great. 

In view of the fact that, as noted earlier (p. 624), the value obtained for the 
constant, Kx,, is a maximum, since no allowance was made for a possible effect 
of light on the rosistancea in the liquid diffusion phase, it was of interest to 
calculate CO, curves ” and light curves for a much smaller value of Kj, 
in order to exhibit the effect of the relative magnitude of this constant. 

The curves, shown in figs, 27 and 29, reproduce the conditions for the similar 
curves in figs. 2G and 28, with the exception that is taken as 0*6 instead of 
6 *0. The very close approach of this set of curves to the “ typical ” limiting 
factor typo needs no comment. The very small departure from linearity shown 
by the CO* curve/^ at ‘‘ high light and wide stomatal opening, for more than 
80 per cent, of its length, may be seen from the ciirve 1a for this case in fig. 30. 

(o) The General Theory of lAmitvng Factors. 

The outlook of physiologists upon the quantitative relationships between 
physiological processes and the external factors which affect their rate was, 
previous to the introduction by Blackman in 1905 (1) of the conception of 
limiting factors, largely governed by the idea of three cardinal points—a 
minimum, an optimum and a maximum—characteristic for each external 
factor in respect of any one process. The conception of limiting factors removed 
this stumbling block from fundamental physiological research and provided— 

(1) A first approximation to a quantitative analysis of the interaction of the 
external factors controlling a process; 

(2) A principle of experimental procedure which enabled the fundamental 

relationships between any one factor and the rate of the process to 
be a^ertained. ^ 

A conspicuous success of the conception and the experimental procedure was 
the establishment of the fundamental relationship between assimilation and 
temperature, a success which led the way in the application of the results of 
physioal chemistry to the analysis of physiological processes. The subsequent 
history of the conception has followed a course unfortunately too common in 
biolo^oal science. 

The “ first approximation has been widely misconstrued as a rigid law; 
and tile term limiting factors ” has been borrowed on all hands for the purpose 
of describing phenomena in quasi-quantitative terms with the minimum of 
quantitative investigation. The principle of experimental procedure has, on 
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the contrary, been largely neglected.* “ The physiologist must take deliberate* 
thought to the other factors, lest surreptitiously one of the^n becomes the real 
limiting factor to increase in functional activity.’’ It is curious that this 
caution should have been construed into a permission to leave other factors 
out of account, except at the point where the rate of the process under investiga¬ 
tion ceases to increase with increase of the factor under investigation. 

As is inevitable in scientific work, the caution now needs extending to cover 
a wider range of possibilities, and in the investigation of the functional relation¬ 
ships between any one factor and the rate of the process, an influence upon 
that relationship of the constant factors must be under suspicion at all ranges 
of intensity of the variable factor (although in practice this effect of the other 
factors may be very small at relatively low intensities of the variable factor). 
Similarly the analysis of the interaction of external factors must take a form 
determined by the special conditions of the process in question. The particular 
equation developed in this paper is only a first approximation to such a form and 
its limitations are fully realised. 

As a general picture of the t 3 rpe of interaction between external factors, to 
which the formulation of the conception of limiting factors drew attention, it 
may, for some purposes, as in the case discussed in this paper, be convenient 
to regard the process as determined by a potential and a set of resistances, 
influenced or determined in port by different external factors. The relative 
effect of change in any one of these resistances will be a minimum when the 
remaining resistances are relatively great, and a maximum when the remaining 
resistances are relatively small; but at all points the whole set of resistances 
will determine the rate. The chief advantage of this type of picture is that it 
prevents the neglect of any of the constant factors. 

It is impossible, horever, to suggest any general picture of more than limited 
validity. Regarded and used as a clue to the interpretation of the phenomena, 

^ An example of this nogicot, which makes it difficult to relate the author’s results to other 
work, is found in a recent paper by Djin, 1923 (8), dealing with some of the. problems which 
are dealt with in the present paper. That writer desoribes experiments on carbon aasimila- 
tion in which no care is taken to investigate which of the extenud iaotm is ocmfcmlliag the 
rate. The COt per cent, employed is high (about 6 per oent.), and a priori, one would expect 
assimilation und^ those conditions to be limited by either light or temperature. Yet an 
observed parallelism between porometer rate and assimilation rate is taken as evidence of 
a direct causal relationship between variations in stomatal opmdxig and ^ observed 
variations in aasimilaiion. Such a relationship could only occur if QO% were limiting/* 
and there is no evidence that this was the case. Nor, in the absence of absolute ds^ 
with regard to flow ol air, can the porometer values given be used to detemdim whether 
the stomatal changes were of an order consistent with the writer’s oondusions. 
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the general principle of limiting factors suggested hy Blackman in 1906 cannot 
as yet be replaced. 


Summary, 

(1) The experimental work described in this and the preceding communica* 
tion was begun as an attempt to extend to the case of the land leaf the type of 
investigation carried out for water plants by Blackman and Smith, on the 
relation of assimilation to carbon dioxide concentration and other factors, 
notably light intensity. In particular it was hoped that by taking continuous 
series of readings of assimilation over a period of 12 to 24 hours, and by changing 
the external conditions during the period of experiment, the relationships of 
the various controlling factors might become clear. 

(2) At the outset the difficulty is met that, in Cherry Laurel leaves, even 
under constant illumination, steady rates of assimilation are only maintained 
when the external CO 2 concentration is so high that light and not CO 2 is limiting 
the rate. Under these conditions the light limited value of assimilation is 
maintained steadily for more than 24 hours. W^ith lower concentrations of 
CO 2 , such that the assimilation is below the light limited value, the assimilation 
falls rapidly, during the afternoon and evening, to very low values, but rises 
again during the following morning. 

(3) Evidence is presented which suggests that this diurnal rhythm of assimila- 
tion is due to a diurnal rhythm of stomatal opening. 

(4) The pitch or level of this diurnal march of assimilation is higher at high 
light intensity than at low, and higher also in winter than in summer. It is 
suggested that these phenomena are due to an effect of light intensity and of 
season on range of stomatal opening. 

(6) The stomatal explanation of these diurnal and i^asonal variations in 
assimilation is tested by means of parallel observations on porometer rate and 
assimilation rate, and the investigation is extended as a study of the relation 
between stomatal opening and rate of assimilation. 

(6) It is shown that there are diurnal and seasonal rhythms of stomatal 
opening which run parallel with the diurnal and seasonal rhythms of assimilation 
rate. An approximate estimate of stomatal diffusive capacity, from the data 
for air flow per stoma, suggests that the stomatal changes observed are of 
about the order required to produce the observed changes in assimilation rate. 

(7) The form of the relation between stomatal diffusive capacity (as measured 
by poroineter rate) and rate of assimilation suggests that the rate of apparent 
asrimilation (COj limiting **) may usefully be regarded as being determined 
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by a potential, the external COj concentration, and a series ot resistanoee, 
namely, the stomatal resistance to diffusion, the resistances in the intercellular 
space system and in the liquid diffusion path up to the chloroplast surface, 
and the ** resistances ” in the photochemical and chemical phases of photo¬ 
synthesis. Evidence is presented to show that the observed effect of seasonal 
changes and of changes in light intensity upon assimilation rate is in part an 
effect upon the stomatal resistance to diffusion, and in part an effect upon the 
“ resistances in the photochemical and chemical phases of photosynthesis. 
There may also be an effect on the resistances in the liquid diffusion phase. 

(8) The bearing of these results on the general problem of the relation of 
assimilation rate to carbon dioxide concentration and to light intensity is briefly 
discussed, and an attempt is made to formulate a system which takes into con¬ 
sideration the resistances in the diffusion phase as well as the interaction between 
light and COj in the reactions at the ohloroplast surface. It appears that the 
form of the relation between CO 2 and assimilation, or between light and assimila¬ 
tion, may be profoundly modified by alterations in the relative magnitude of 
the resistance in the diffusion phase ; and it is suggested that the diverse types 
of inter-relationship exhibited, for example, by the results of Blackman and 
Smith for Elodea, and of Harder and Warburg for other water plants, may all 
be particular cases of a more general scheme. 
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The North Chmese Species of the Genus Phlebotomus {Dipiera, 

Psychodidw), 

By W. 8. Patton and Edward Hindde, Membereof theKala Azar Commission 

of the Royal Society. 

(Communicated by Dr. H. H. Dale, Sec. R.S.—Received January 21, 1928.) 

In an earlier paper (1926) we noted the more important differential characters 
of the adults of the three Chinese species of the Cenns PhUboUmus, but, as 
in 1926, we arrived too late in the country to study their early stages, we were 
unable to record any observations on them. In the present paper we propose 
to complete our studies of the three species, by despribing the differential 
oharaoters of their early stages, and also we are now able to settle the status 
of the species with recumbent hairs, which was recorded in the paper noted 
above as a variety of P. perturbans de Meijere. Recently, Prof, de Meijere 
very kindly sent to one of us (W.S.P.) oo-types of his species, and permitted 
the making of microscopic preparations of the male terminalia and the female 
pharynx. A study of these preparations has enabled us to settle the identity 
of the Chinese species allied to P. perturbans, and as it proves to be distinct 
from the Javanese species we propose for it the name P. taianensis. Unfor¬ 
tunately we have not been able to settle the identity of the erect-haired 
jUpeeies allied to P. eergenti Parrot, as it has not been possible to examine and 
oompare the pharynx of a typical female of the latter. 
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The classification of the species of Phlebotomus is at present in a state of 
flux owing to certain new taxonomic characters recently noted by Adler and 
Theodor (1926), which promise to be of considerable value in distinguishing 
the females of this genus. 

It is well known that although the males of Phlebotomus can be identified by 
the characters of the terminalia, it is almost impossible to be sure of the identity 
of the females unless these are either bred or taken in copula. In the past, 
eniales have been identified, with difficulty, mainly on the characters of the 
antennfe and palps, and also by the venation. Sinton (1925) failed to find 
any reliable taxonomic characters in the structure of the female terminalia. 
Adler and Theodor (1926), when studying the species of the Mmw^iwt-group in 
Palestine, noted that the structure of the mid-pharynx (buccal cavity) varied 
in the species they examined, as did also that of the spermatheca ; they noted 
some correlation between the palpal formula and the characters of the mid- 
pharynx in the females, but in the males, on the other hand, there was no 
correlation between the characters of these two structures. 

Sinton (1927), following up the work of Adler and Theodor, applied these new 
taxonomic characters in classifying the Indian species of Phlebotomus. He 
notes that in the erect-haired group the characters of the spermatheca are 
of use in separating the females, as in this group the organ is well chitinized 
and has a crenulated outline. It varies within wide limits in the species and 
affords a certain means of separating the females. In the recumbent-haired 
group, on the other hand, the spermatheca is lightly chitinized, so that its 
structure affords no reliable characters for separating the females; in this 
group, however, the stnicture of the pharynx is of use in identification. 

Comparative Notes <“on the Early Stages of the Chinese Species qv 

THE Genus Phlebotomus. 

The Egg. 

As the general structure of the egg, larva and pupa of PhMx^mus have been 
fully described by Grassi (1907) and Ijjfewstead (1911), no useful purpose 
would be served by redescribing them; consequently, wc shall merely note 
the characters of taxonomic importance in separating the early stages of the 
three Chinese species known at present. 

The egg (fig. 1, b) of P. major chitiensis measures 0-44 inm. in lengths 
The chorion exhibits elongated areas of var 3 ring length and width, clearly 
demarcated from each other by dark lines, as illustrated in fig. 1 , b. The 
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egg (fig. 1, c) of P. sergenti var. measures 0’36 mm. ia length and the chorion 
is divided into small, somewhat hexagonal areas, separated from each other 



b. 

Fig. 1. Eggs of the three Chinese species of PhleMotomus. a, P. taiunensis ; b, P. major 

diinmms ; c, P. sergznti var. 

by raised lines which project from the surface of the egg, as depicted in fig. 1, c. 
The egg of P, taianmnsis n. sp. measures 0-39 mm. in length, is narrower than 
either of the eggs of the other two species, and the ends are more pointed ; the 
surface is marked by smaller, regular, quadrilateral areas, as shown in fig. 1, a. 

First Larval Instar, » 

The general structure of the larva of Phhbotomus is represented in the various 
figures. The head is well developed, the mouth parts adapted for biting (man- 
dibulate), and eyes are absent. The three thoracic segments are distinct, and 
there ore ten abdominal segments ; the posterior spiracle is located on the 
eighth and the caudal bristles on the ninth abdominal segment. Ventrally, 
abdominal segments one to eight inclusive are provided each with a fleshy 
pseudopod. 

The first larval instar of P. major chimnsis (fig. 2) measures about 0*6 mm. 
in length. The important taxonomic characters, by which it can be distin¬ 
guished from the first larval instar of the other two species, are found in the 
structure and arrangement of the bristles. The two posterior frontal bristles 




536 


W. 8. Patton and E. Hindle, 


(fig. 2, are long and finely branched to the tip, which ends in a small, 
clear, globular swelling ; they are situated in front of the egg-breaker, which 



FtG. 2. First larval instar of P, major chirimsis, 
a.b,, anal briatles ; a*clh,, anterior olypeal bristle ; 

anterior frontal bristle; arm of 

epicranial suture; an., antenna; c.5., caudal 

bristles; cL, clypeus; d,pr,b., dorsal prothoraoio 
bristle; e.5., egg-broaker; 16., labrum; m„ man¬ 
dible ; fnar., first maxilla; p,cl.k, posterior olypeal 
bristle ; pd,, pseudopod ; p,/.6., posterior frontal 
bristle; p.^., posterior spiracle; Ist a.s., IXih 
a.8., and Xth a.a., first, ninth, and tenth abdominal 
segments. 


is always well developed in the first larval instar of PUdbotomuB. TWs type 
of bristle is present on the body of the larva of this species in all its instars, 
but the globular end is better developed in the body bristles. The pair of 
anterior frontal bristles (fig. 2, a.f.h.) is situated on the front, nearer the middle 
line just behind the level of the antennae; they differ from, the posterior pair as 
they are not so thickly branched, and end in points. The posterior cl 3 ^peal 
bristles (fig. 2, j).cl.6.) are long and unbranched, and are situated on each side 
of the middle line of the most prominent part of the clypeus ; the anterior 
pair (fig. 2, o.cl.6.) is very short, and situated just posterior to the clypeo- 
labral suture. The vertical bristles, upper and lower, are similar in structure 
to the posterior frontal bristles. The dorsal genal bristle is long and similar 
in structure to the frontal bristles ; the remaining genal bristles are simple, 
as shown in fig. 2. 

The twenty-two prothoraoio bristles are arranged in two bands, an anteriru 
and posterior, and in each there are dorsal, lateral and ventral bristles. The 
dorsal bristles of the second (outer) pair of the antmor Wd of the prothotax 
are short, unbranched and spine-like. The ventral bristles of both bands, as in 
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all the larvee of the three epecieB, are pointed and not globular at their apioeu. 
All the remaining prothoracic bristles are finely branched, and end in small, 
clear globides. The arrangement of the bristles on the meso- and meta-thorax, 
and on the abdominal segments is clearly shown in the figure ; except for the 
length of the dorsal and lateral pairs, these bristles afford no special characters 
of taxonomic value. The posterior spiracle is situated close to the posterior 
border of the eighth abdominal segment. The two caudal bristles are strongly 
developed in all the first stage larvee of PhlehotomuH, and vary in length in the 
different species. In the first stage larva of P. majcr cMnemsis both bristles 
are a little longer than the larva itself, and in the egg are folded bacK. The 
two large unbrauched postero-ventral anal bristles on the tenth abdominal 
segment arc long, and the lower is approximately twice the length of the upper. 

The bristles on the head of the first larval instar of P. setgeifdi var. (fig. 3) 
differ from those of the first larva of P. major chinemis in that they are shorter. 
The frontal and vertical bristles are not thickly branched, and end in points. 
The other head bristles are shown in the figure. The thoracic and abdominal 
bristles are in marked contrast with those of the first larva of P. major chinensis, 



as they are all short, especially the dorsal and lateral bristles. The second 
dorsal bristle of the anterior prothoracic band is small and branched, not 
The dorsal bristles are shortest on the eighth abdominal segment. 
The two caudal bristles on the ninth segment are a little shorter than the body 
of the larva. 
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The brietles on the head of the first laiTal instar of P. taiamums (fig. 4) 
are somewhat similar to the corresponding bristles on the first stage larva of 
P. major cMnensis. The posterior frontal pair and the upper 

1 vertical are finely branched and each bristle ends in a globular 
swelling. The bristles of the anterior frontal pair are markedly 
elongated and unbranched ; and their structure renders identifi¬ 
cation of the larva of this species easy. The middle dorsal 
bristle of the anterior prothoracic band is long and thickly 
branched at its distal end; the outer dorsal bristle of the 
anterior prothoracic band is similar to that of the first larva of 
P. major chimnsisy but is a little smaller. The remaining dorsal 
thoracic and abdominal bristles are short and decrease in length 
from before backwards, those on the eighth abdominal segment 
being the shortest. The lateral thoracic and abdominal bristles 
I are long. The lower of the two uabranched lateral anal bristles 
on the tenth abdominal segment is about three times the length 
1 of the upper bristle. The caudal bristles are extremely long, and 
I are about one and one-third as long again as the body of the 

1 larva. Those taxonomic characters are clearly shown in the 

1 figure (fig. 4). 

I Fourth Larval Imtar, 

1 The head bristles of this stage of P. mijor chinemis (fig. 6) are 

I a little shorter than those of the first instar, and the posterior, 


Fig. 4. First larval instar of P. taianeneis, a.6., 
anal bristles; a./.6. anterior frontal bristle; 

c,6., 4 ^audal bristles; c.&,, egg-breaker; p.f.b,, 

posterior frontal bristle ; p. 5 ., posterior spiracle. 


frontal, and upper vertical bristles are pomted at their extremities. In the 
fourth instar of oil throe species there are three pairs of dorsal bristles on each 
of the thoracic and abdominal segments, and the prothorax has a well- 
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developed anterior band. In the fourth larval stage of P, major chinensia there 
is a small, spine-like bristle in the anterior prothoracic band directly in front of 



the anterior spiracle, and a minute branched bristle between the lower lateral 
bristles of each band on the prothorax. On the meso- and meta-thorax there 
is a similar branched bristle between the two lateral bristles. The structure 
and arrangement of the bristles is illustrated in fig. 5. Four caudal bristles are 
present in the second, third and fourth larval stages of Phlebotomus and are 
arranged as shown in the drawing; the outer pair is always shorter than the 
inner, and in the fourth stage larva of P. iftmjoT chinenm the bristles of the 
inner pair arc about two-thirds the length of the larva itself and about one- 
third as long again as those of the outer pair. 

In the fourth stage larva of P. sergeMi var. (fig. 6) the head bristles are also 
similar to those of the first larval stage. The small bristle of the anterior 



prothoracic band directly in front of the anterior spiracle is minutely branched, 
and not spine-like as in the fourth larval stage of P. major chinensis, and this 
character alone is sufficient to diffOTentiate' the two larvae. In the meso- and 
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meta-thorax the minute branched bristle is absent above and behind the larger 
lateral bristle, as shown in fig. 6. The dorsal abdominal bristites are a little more 
than half the length of the corresponding bristles of the fourth stage larva of 
P. major cJiinensis. The caudal bristles are comparatively short, the inner pair 
being about twice the length of the outer. 

In the fourth larval instar of P. taianensis n.sp. (fig. 7) the head bristles are 
similar to those of the first instar, but the unbranched anterior frontal bristle. 



which is so characteristic of this larva, is shorter than the corresponding bristle 
of the first larva. The middle dorsal bristle of the anterior prothoracic band is 
only about half the length of the other two, and the small internal bristle is 
spine-like, as in the corresponding larva of P. major chinmsis. All the branched 
thoracic and abdominal bristles are club-shaped, the branches being more 
numerous towards thg distal end, whilst the basal end of the shaft is almost 
bare. The dorsal abdominal bristles decrease in length from before backwards 
and are shortest on the eighth abdominal segment. The unbranched, lower lateral 
anal bristle on the tenth abdominal segment is very long, as in the first larval 
instar. The caudal bristles are also long and the outer pair is only a little shorter 
than the inner one. 

The Pupa. 

It is well known that in the pupa of PhMwtomtis, the last larval skin is always 
attached to the end of the abdomen, and therefore having noted the larval 
chtetotaxy, there should be no difficulty in identifying the pupse of thie three 
Chinese species. The pupa of P. major (Mnensis has a pair of long, stout 
unbranched bristles close together on the side of the meso-thorax. The pupa 
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of P , sergeMi var, has a single small bristle in the same situation. No bristle 
was found in this situation on the three pupce of P. taianensis examined by us. 

AiuUs. 

The main distinguishing characters of the adults have already been noted 
in our previous paper (1926), Except in the case of rubbed specimens, it is 
possible after a little practice to identify the females of the two species of the 
erect-haired group with the aid of a pocket lens; in P. major chimnsis the 
thoracic hairs are much darker than those of P. sergeMi var. As the characters 
of the wing venation are not very reliable, and are always subject to variation, 
and as in order to be certain of the relation of the veins to each other, it is 
necessary to remove the wing and mount it separately, it is better to examine 
the structure of the spermatheca in any doubtful specimen, since it afiords a 
very reliable means of separating these two species. The fly, preferably a dry 
specimen, should be placed in weak caustic potash for several hours, and after 
washing and dehydration, the spermatheca should be dissected out and mounted 
on a slide in carbol alcohol, ringing the coverslip with Canada balsam. 

The spermatheca of P, major chimnsis^ two of which from separate specimens 
are illustrated in fig. 8 a and 6, is elongated and torpedo-shaped, with a crenu- 



Fio, 8. SpemOatheoae of P, imjor cAinen^w (a and &), and of P, sergtnti var. (c and d). 

lated outline, and the body of the organ seems to be partitioned by dark lines, 
varying in number from 11 to 13, Its length varies from 98 to 110(x, excluding 
the tuft of fine hairs at the distal end. The spermatheca of P. nefgenJti var* 
(fig. 0, 0 and d) is very much smaller, and varies in length from 18^6 to 22|x; 
umially it has three lines apparently dividing it into separate partitions. The 
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spermatheoa of the recumbent-haired species P. taianemis can at once be 
distinguished from that of either of the other two species, as it is a long 
sausage-shaped organ without any crenulated margin and also with no dark 
lines. 

The male of P. major chinensis can be readily distinguished from P. sergenti 
var. by its darker thoracic hairs, and by the presence in the latter of a brush 
of hairs on each side at the base of the inner surface of the superior clasper. 
There are five macrocheetse on the distal segment of the superior clasper of 
P. major cJiinemiSy whereas there arc only four on the corresponding segment 
of P. sergenti var. 

As already noted above, we have now been able to satisfy ourselves that the 
small recumbent-haired species is distinct from P. perturbans de Meijere. The 
females can be readily separated by the characters of the mid-pharynx (buccal 
cavity), In the mid-pharynx of P. taianensis the pigmented area on the dorsal 
wall is shaped like a half moon (fig. 9, 6), and along its nearly straight posterior 
border there is a single row of about 66 minute spines. The pigmented area 
varies in length from 30 to 37 (jt, and is 75 (i. wide. The spines measure from 
3-7 to 4 |a in length. The mid-pharynx measures 92*6|x at its widest point. 

The mid-pharym of P. perturbans de Meijere (fig. 9, a) is very much smaller 
measuring 74(jl at its widest point in the single specimen examined. The dorsal 




Fig, 9, Mid-pharynx (buccal cavity) of P, perturha^is do Meijere (a) and of P. taianensis 

(b). 

pigmented area is small and of a much lighter colour than that of P. taianensis ; 
it barely reaches to the lateral margins of the mid*pharynx, and measures 
18 • 5fi in length and 37p, in width. The mid-pharynx at this point has a single 
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row of 18 rather widely separated stout spines; the longest measures ll(x in 
length. 

The male terminalia of P. taianemis are illustrated in fig. 10. The distal 
segment (d.sp.c.) of the superior clasper measures about 0-14 mm. in length, 
and is armed with four macrochastte, two situated at the apex, and two close 
together on a tubercle nearer the distal than the proximal end of the segment. 
The two distal macrochat® measure 100 [jl and 112^ respectively ; their 
structure and relation to each other is shown in the drawing. The other 
two macrochffitsD measure 86 jx and 107 (jl respectively. The proximal segment 
{p,8p.c,) of the superior clasper is broad, and measures 0*29 mm. in length, 



distal segment of sxiperior clasper; t,a., intermediate apjjicndage; tn.c., inferior 

clasper ; ii.o., intromittent organ ; p.sp, c., proximal segment of superior clasper ; 
p,, pompetta. 


almost exactly double the length of the distal segment. The inferior clasper 
(in.c.) is long and narrow and is 0-26 mm. in length. It is armed at its 
apex with about ten long hairs, the calyces of which are shown in the drawing. 
The submedian lamella, or cerous (c.), a paired appendage, is broad and pointed 
and bears numerous hairs. The intermediate appendage is broad baaally, 
and narrows apically, ending in a beak-like point; it measures 24 mm. in 
length. The paired penis-guards (intromittent organ) are each about 100 p 
long"; the genital filaments are well protruded. The pompetta (p) measures 
92p. in length. 
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The male terminalia of P. perturbam de Meijere are illustrated ia fig. 11. 
The distal segment {d.sp.c.) of the superior cUsper measures about 0*9 mm. ia 
length, and is armed with four long terminal macrooheetae, two dorsal and two 
ventral, situated on prominent tubercles. 



Fiq. 11. Terminalia of male P. ta»o»»enai8. Lettering aa in fig. 10. 


The ventro-external and the dorsal macrochtete each measure 100 p. in 
length. The ventro-internal macrochseta is spathuliform, and measures IlOp 
in length. The proximal segment (p.sp.c.) of the superior olasper is a little 
wider than that of P. taianemis, and measures 0*24 mm. in length. The 
inferior clasper (in.c.) is longer and wider than that of P. taianemis and slightly 
club-shaped ; it measures 0 * 19 mm. in length and, like that of P. taianemis, 
is armed at its apex with a group of about ten long hairs. The submedian 
lamella, or oetcus (c), another paired appendage, is leaf-like, and in side view 
appears club-shaped! The intermediate appendage {i.a.) is long and broad 
for more than half its length, becoming narrow distally and ending in a brood 
beak ; it measures 0*18 mm. in length. The paired penis-guard (il.o.) is about 
82 p in length; in the specimen the genital filaments ore withdrawn. The 
pompetta (p.) measures 112p in length. B^om the above description of the 
terminalia of the two species it will be noted that the Chinese species, belonging 
to the recumbent-haired group, is distinct from the Javanese species. 

The question naturally occurs as to whether the Chinese species is identical 
with the Indian species named P. perturbam by Annandale. A comparison of 
the characters of the male terminalia of the Indian species, which Sinton has 
described in great detail, shows that they are most probably distinct, as will 
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be noted from a comparison of the measurements of the different appendices 
of the two species given below in tabular form:— 



P. perturbam. 

P. taianensis. 


(Indian form.) 


„ . , r Proximal segment 

Superior clasper 

[Distal segment 

0-42 mm. 

0-26 „ 

0*29 mm, 
0-14 „ 

Intermediate appendage 

0-26 „ 

0*24 „ 

Intromittent organ 

0-14 „ 

O'lO „ 

Inferior clasper 

0-33 „ 

0-25 „ 

Apical maorochaetee of superior clasper 

90 (X 

100 &112(i 

Median 

60 & 90p 

85 & 107 (X. 


The shape of the distal segment of the superior clasper, as depicted by 
Sinton, is markedly different from that of P. taianends, and the two apical 
macrocheetro are equal in length, while those of the Chinese species are unequal. 
As far as we are aware, Sinton has not depicted, or described, the characters 
of the mid-pharynx of the Indian form of P. perturbam. 

The following is a more complete description of P. taianensis than given in 
our previous paper;— 

Phlehotomus taianensis n. sp. 

Male .—A medium-sized dark-brown species with dark recumbent hairs on 
the dorsal surface of the abdomen, and measuring from 2 to 2*2 mm. in 
length. Palpal formulae 1 , 2 , (3, 4), 6 ; segment 6 is long and slender, about 
equal in length to segments 3 and 4. Antennal formulae 1/III-XV. 

The legs are long, and the second tarsal segment is about half the length of 
the first. The wing is lancet-shaped, and the posterior border is not more 
arched than the anterior. Vein overlaps vein R, by about half the length 
of the latter. Vein Rs is equal in length to the radiad stem between the origins 
of veins Rg and Rg, and that of vein R 4 . The origin of the latter is much nearer 
the base of the wing than the origin of the branches of the median. 

The male terminalia are not particularly prominent. The proximal segment 
of the superior clasper is long and very broad, and is about twice as long as the 
distal segment; it bears numerous long hairs. The distal segment is narrow 
and has a marked prominence about two-thirds the distance from its base. 
It is armed with two long apical macrocheetsa unequal in length, and two situated 
dose together on the prominence, also unequal in length; aU the macroduetn 
are dilated at their extremities when seen from their concave sides, but appear 
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pointed when seen laterally; one of the distal maorocheetm is distinctly spathnli- 
form. The intermediate appendage is about two-thirds the length of the 
proximal segment of the superior clasper. The inferior clasper is long and 
narrow, and is only slightly dilated at its distal extremity ; it is about as long 
as the proximal segment of the superior clasper. The submedian lamella is 
broad and bluntly pointed. The pompetta measures 92fjt in length. 

Female .—The female is similar iij colour to the male, but, if an 3 dihing, is darker, 
the hairs markedly so, and the recumbent hairs on the dorsal surface of the 
abdomen form a thick layer. The pigmented area on the dorsal wall of the mid- 
pharynx is half-moon shaped, and along its posterior border is armed with about 
56 spines ; it varies from 30 to 37 |x in length and is 75 pt broad. The spines 
measure from 3'7 4[x in length. Palpal formulte 1 , 2 , 3, 4, 5, and segment 6 is 
longer than segments 2 and 4 together. Antennal formulae 2/III“XV. Legs 
similar to those of the male. The wing, on the other hand, is broader in the 
female. Vein overlaps vein Rz by about two-thirds the length of the latter. 
Vein Ra is longer than the portion of the radial stem between the origins of 
the veins Ro R^, and that of vein R*, and the latter portion is equal to the 
part of the radial stem between the origin of vein Ri and the vein Rs. The 
origin of vein R 4 is nearer the base of the wing than the origin of the branches 
of the median. 

Notes on the Bionomics of Chinese Species of PMebotomns , 

P. Major cJdnends. 

In nature, this spcKjies normally seems to have only a single brood each year 
and passes the winter in the larval stage. In 1926 the first specimen was 
brought to the laboratory at Tsinan on May 22 , after which date the numbers 
gradually increased until about the middle of June, when several hundred were 
caught each day. Towards the end of the month the numbers began to faU 
rapidly, and after the middle of July only occasional specimens were obtained, 
which continued until September 12. The following year at Wei-hsieu, a town 
between Tsinan and the coast, the occurrence of P. major cMnensis closely 
agreed with that at Tsinan, the flies first appearing at the end of May and lasting 
for about six weeks, after which only occasional specimens were seen. In 
Chihli Province, north of Shantung, the season is one or two weeks later, but 
all our records agree with the generally expressed Chinese statement that the 
sandfly is only prevalent during the early summer, and disappears about the 
time of wheat harvest, when the summer rains result in the formation of pools 
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and stxeams, that afford plenty of opportunity for the multiplication of the 
mosquitoes which take their place. 

In the laboratory no difficulty was experienced in getting the females to lay 
eggs in the breeding pots described previously (Patton and Hindle, 1927). 
As in all stages of Phlehotomus, the eggs are rapidly killed by desiccation and 
have to be kept moist in order to ensure their hatching. Excessive moisture 
does not seem to affect the (?arly development, for a batch of eggs which was 
totally submerged for twenty-four hours produced as large a proportion of 
larvaa as eggs kept under more normal conditions. 

At room temperature, 25°-30° C., the larva) generally emerged after 10-11 
days’ incubation period. In our experiments the larvae were usually fed on bat 
fcDces, but some were reared on rabbit dung, and in Peking, Young and Hcrtig 
employed hamster faeces. It is probable that any decaying or partially digested 
organic matter would serve as food. In our experience it was found advantageous 
to keep a fauiy largo number of larvae -at least a hundred in each pot. \\Tieii 
fewer numbers were present, moulds often grew in great abundance over the 
surface of the food material, with fatal results, whilst in j)Ots containing many 
individuals the larva? seemed to be able to kcoj) down the growth of these 
fungi by feeding on them. 

As in other species of Phlebotonms there arc fom larval stages, and under 
laboratory conditions the duration of the various stages is shown in the following 


table 

Egg to first larva) instar.10 -11 days. 

First larval stage. 7 - 8 „ 

Second larval stage. B— 7 ,, 

Third larval stage. 5-0 ,, 

Fourth larval Htag<^.*7— 9 ,, 

Pupal stage . 7—10 ,, 

Total cycle from egg to adult .42—51 days. 


In view of the fact that under laboratory conditions the life-cycle may be 
completed in six or seven weeks, and since the females begin to lay eggs early in 
June, one might have expected two broods a year, for the summer continues at 
least until the end of September, July and August being the hottest months. 
In the laboratory during 1926, adults first emerged about the middle of July, and 
occasional individuals continued to hatch out imtil the end of August. All 
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larvae wliich had not pupated by the middle of August remained as such and 
passed the winter in tliis stage. 

Pupae from these larvae were first noticed the following February, and adults 
began to emerge during the latter half of the month and in March. It should 
be noted, however, that these individuals were kept in an incubator at a tem¬ 
perature of 16‘^-*24^ C., consequently the acceleration in the normal rate of 
development may be attributed to the higher temperature. It is a curious fact 
that from eggs laid by the same females and kept under apparently identical 
conditions, some should complete their development in six or seven weeks 
whilst others take nine months. 

We are convinced that under natural conditions the life-cycle is rarely com¬ 
pleted in one season. In the laboratory the larvae are supplied with an unlimited 
supply of food material, whilst in nature they live in cracks in the ground, in holes, 
under bricks, etc., and under such circumstances food has to be searched for, 
and when found the supply is apt to be limited. Consequently, it is reasonable 
to assume that the length of the larval stages is much longer than under the 
artificial conditions of our experiments. From the occurrence of the adult flies 
it is evident that very few individuals complete theii’ vrhole development during 
the summer. The flies which appear at the end of May and early in June 
j)robably come from larvae which had reached the fourth larval stage before 
the onset of the previous winter. The adults appearing later in June 
may come from larvse which had only maixaged to reach the third stage the 
previous year, and it is just possible that the isolated individuals seen in 
August and September represent a second brood, which under exceptionally 
favourable conditions have managed to complete their development in one 
season. 

The larvae which hibernated in the laboratory in 1926“'27 were mostly in the 
fourth stage, and whenever examined were noted to be active. They were 
kept at a temperature of 18^-24° C. throughout the winter. On December 6, 
some of these larvfiB were exposed to a temperature of —11^ C., and were all 
dead by the morning. On December 9, some were exposed to a temperature of 
0 “ C. overnight, and next morning were all aUve and active. On December 12, 
other larvss were placed in the ice chest until the 28th, when it was noted that 
all were alive ; on January 7, most of them were dead, the last onC being found 
dead on January 15. From these few experiments it is evident that the larva 
of this species can withstand occasional freering, Mr. Harkness, Professor of 
PhymoB, Shantung Christian University, informed us that at Tsinan the ground 
did not freeze below a depth of 10 inches during the winter of 1926-27, although 
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it was considered a very cold season. The larva, therefore, would not need to 
go very deep into cracks and holes, in order to avoid being frossen. 

In contrast with the larvae of P. sergenti var,, that of P. major chinemis is 
mtich hardier and more active, and can live under conditions of dryness and 
excessive moisture that are inimical to the former. 

When the larvsft are full grown and ready to pupate they generally come to the 
surface of the food material, or if the latter is too damp, climb up the wall of the 
breeding pot until they reach a drier locality as the pupa requires less moisture 
than the larva. Once the pupa has been formed the adult insect emerges after 
a comparatively short interval (7™10 days), and there is no evidence to support 
the view that this sandfly ever passes the winter in the pupal stage. 

At the beginning of the season males are always the first to appear and for 
the first week or so exceed the females in number, but early in June the latter 
increase until the proportion of the two sexes is not very dissimilar. As a 
general rule, the number of females brought to the laboratory greatly out¬ 
numbered the males, but as we were paying more for the females and as, owing 
to their blood-B\icking propensities, they would be more liable to bo caught, 
it is probable that our records of wild sandflies do not givt^ a fair indication of 
the natural ratio. In our breeding experiments the males were also the first 
to appear, suggesting that their development takes a shorter length of time than 
the female ; the proportion of the two sexes was approximately equal, however, 
when all the flies had hatched. 

The adults of jP*. tmjor chinemis arc much more active and q\iick in their 
movements than the other two species and also markedly differ in their feeding 
habits. As a general rule the female seems to take only one feed of blood 
and digestion proceeds comparatively slowly, traces of the meal still being 
present after six or seven days, a feature which probably favours the develop¬ 
ment of flagellates. Although we succeeded in feeding a number of the females 
of this species a second time, these only comprised a small percentage of the 
total The flies readily copulate iu the breeding iK)ts and the female lays its 
eggs in one batch—about fifty in number~on the sixth or seventh day after 
feeding and then dies. The average duration of life in the males is slightly 
shorter than in the female. 

P, Sergenti var. 

In Ohina this species seems to have at least two broods a year, for although 
it appears simultaneously with P. major ckinensis about the end of May, it 
continues without much diminution in numbers until well on into August, 

and throughont September occasional specimens can be obtained. 
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The larva is very sluggish and under adverse conditions, such as excessive 
moisture or dryness, or an overgrowth of mould, it easily succumbs. It seems 
unable to become adapted to changes in its environment, which is rather sur¬ 
prising in view of the fact that this sjKicies is more abundant than the haardier 
P. mc^or dvinemis. The first stage larva, in particular, is very sluggish, hardly 
moving from the place where it emerges from the egg, in contrast with the 
active corresponding stage of the former species. 

The duration of the various developmental stages is approximately the same 
as that of jP. mc^or dmmisis, Eggs laid in June gave rise to adults seveji or 
eight weeks later, and we assume that the large numbers of adults occurring 
in nature during August belong to this second brood. 

The adults of P, ftergeiUi are much easier to keej) in captivity and they will 
readily feed three, four, and occasionally even five times, l)eforc laying their 
eggs. As a rule, the ciigestion of blood is very rapid, all traces of it usiuiUy 
liaving disappeared on the third day after a full meal Occasionally, how¬ 
ever, traces of blood may remain in the gut as long as five days after a meal 

On the whole, this species is the commonest sandfly of North China and in 
many localities occurs in large numbers. On five occasions we observed the 
male of JP. mrgeHi in copula with the female of P. major chimnsis ; the reverse 
was never seen. Unfortunately, owing to lack of time, we were not able to 
follow the result of this abnormal mating. As it was not specially looked for 
and could only take place in the few hours before the flies were sorted out, it 
is probable that such crossing is commoner in nature than the above figures 
would indicate. 

P. Taiammib\ 

This species is common in the temples in and around Taian, where it was 
first collewjted, and ocAirs from the end of May to the middle of September, 
Although somewhat local this species seems to have a wider distribution 
than the other two, as it is not dependent on hiiman beings for its food supply. 
At Tsingtao, with the exception of isolated examples of P. major chinemis, 
which all came from one house, this was the only species of sandfly to be 
found. 

In the laboratory the duration of the life-cycle is similar to that of the other 
two species, and like P. sergenti it seems to have at least two broods each year. 
The larva is much more hardy and irctive than the other two and can with¬ 
stand desiccation for a considerable period. Pupal cases of this ^cies were 
found in November, 1926, by Dr. Hertig and one of the writers (E.H.), at 
Wo-Fu-8su, a temple on the Western Hills about eighteen miles from Peking. 
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They were in loose earth, attached to small pierces of tiles* at a depth of C -S 
inches below the surface. 

P. taianemis seems to feed normally on hatrachian or reptilian blood and 
readily feeds on frogs, toads, lizards and snakes. We have.also succeeded 
in feeding a few individuals on a fowl and on a hamster, so it is possible that 
it may sometimes feed on man, although we were never able to get any speci¬ 
mens to feed on ourselves. When feeding, this sandfly ingests so much blood 
that its abdomen becomes almost spherical and afterwards it is very sluggish. 
The process of digestion is even more rapid than in P. sergeMti^ and it is possible 
to get them to feed every day or two. 

In concluding these notes on the North Cbinest' species of Phlebotamiis, we 
should like to point out again that we have been unable to obtain any evidence 
of their existence from the Yangtse River Valley southwards, and the present 
distribution agrees with what is known about the incidence of Kala Azar in 
China, which also seems to b(* restricted to the Provinces north of the Yangtse. 

We should like to express our heartiest thanks to Mrs. Patton, to whom 
we are indebted for the drawings illustrating this paper. 
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JOSEPH JACKSON LISTER-1867-1927. 

The fflttber and the grandfather of Joseph Jackson Lister were distinguished 
naeti of science and Lord Idster, the President of the Royal Society, was his 
uncle. With a rich inheritance of scientific talent there were combined in his 
character a strong love of Nature and the industry and patience to combat the 
handicap of a delicate constitution. He was known to liis friends and colleagues 
asa learned and accomplished naturalist, and heacquired a world-wide reputation 
for his investigations on the morphology of the Poraminifera. 

He was born at Leytonstone in 1867, and in his early years he and his sister 
used to ramble in Epping Forest guided and stimulated by their father to observe 
and study the animals and plants of the countryside. He soon became an 
ardent collector of butterflies and moths and, later on, of beetles to add to the 
family collections. 

His father, Mr. Arthur Lister, was not only a naturalist in the ordinary sense of 
the term, but had inherited from his father, who had made important improve¬ 
ments in the compoimd microscope, a love for the study of minute organisms, 
and, acquiring an interest in the Mycetoaoa, had pursued investigations on their 
structure and life-history which gained for him the Fellowship of the Royal 
Society. His son consequently was brought up in an atmosphere in which the 
ordinary pursuit of Natural history was supplemented by a deeper study of the 
problems of organic life. 

Lister was sent to a school at Brighton at the age of nine, but three years later 
he entered the famous school of the Society of Friends at Oliver’s Mount, Scar¬ 
borough. The headmaster, Mr, Thomas Walton, encouraged the study of 
natural history, and in expeditions into the country and on the sea shore Lister 
added rapidly to his knowledge of wild life and to his powers of keen obser\’Btion. 
He was not, however, only a naturalist lor he took a deep interest in literature 
and used to enjoy reading Shakspere, Tennyson, CloughanR other poets, while the 
writings of Carlyle were his special favourites, and from them no doubt he gainetl 
the interest in intellectual and social problems which was maintained in later 
years* In this respect too he was probably strongly influenced by an older 
rdatioH by marriage, Mr. Joshua Rowntree, whom, in his later school days, he 
mod to hdp on Sundays in an adult school for working men at Scarborough. 

l^teir entered St* John’s CoUege> Cambridge, in 1876, and was one of the small 
group of students who wm^e fottimate enough to attend the elaeses of that most 
i nie^irix^ teacher Francis M. B^ur, at that time engaged on his wonderful 
invwtigations on the Bmbryblo|^ of the Chick and the Dogfish, which caused 
mk a acmsation in the scientific woild* Always fond of games and naturally 
Skilfm in their pursuH lister took rowing as hi^ form of ea^reise and relaxation 



ii Obituary Notices of Fellows deceased. 

at Cambridge, and in 1878 he was made stroke of the Lady Margaret boat and 
held that position from that time until he went to London in 1882. He led his 
crew to many victories both on the Cam and at Henley, and was said by a 
contemporary to have been the best stroke Lady Margaret had ever had. 

After taking his degree in the Natural Sciences Tripos he was appointed by 
Prof. Newton his demonstrator in Comparative Anatomy and gave a course of 
lectures on the anatomy of the Vertebrata. As one of the four students who 
attended that ctmrse, the writer can say that it was with great regret we 
learned that he had decided to resign his post in order to study medicine. He 
then entered University College, London, as a medical student, gained the 
Liston gold medal in surgery and took the M.E.C.8. qualification. He was not, 
however, destined to practise in the profession, as liis health began to fail and 
he was strongly urged by his uncle, Lord Lister, to spend some time in travel. 
He went to the West Indies with several others of his family, and on liis return 
in the autumn of 1887 started again in a sailing ship, the PammcUUi^ on a voyuge 
to Australia and back. 

In 1887-1888 he was acting as naturalist on board H.M, Surveying Ship 

Egeria,’’ and after going to Christmas Island, Mauritius and the Seychelles, 
he joined the ship again in 1889 and visited Australia, New Zealand, and 
several islands in the Pacific. To a man of Lister’s wide interests and sterling 
abilities these wander-years were times not only of intellectual delight but of 
the steady accumulation of knowledge and ideas by the direct study of Nature 
in her various aspects. His mind was always alert to notice things bearing on 
scientific theories in zoology, botany, anthropology, and geology, and he wrote 
several papers, to which reference will be made later, bearing on observations 
made during these journeys. He made his collections of animals and plants 
wisely and efficiently, as much for his colleagues working in the laboratories 
at home as to satisfy his own personal interests. 

A fellow-passenger on board the Paramatta writes of her pleasant memories 
not only of the charm of his companionship during the voyage, but of his kind¬ 
liness to her children, iftid of the interest he created by showing them through the 
microscope, the phosphorescent and other organisms of the ocean. 

■Returning to Cambridge in 1891, with his health restored, he again accepted 
appointments in connection with the school of zoology in the University, and 
also began the series of investigations on the morphology of the Foramimfera 
which formed the subject of his address when he was made President of 
Section D at the York Meeting of the British Association in 1906, In 1899 
he was made a Fellow of St, John’s College, and in 1900 a Fellow of the Royal 
Society, and for many years he was occupied with the many intellectual activi¬ 
ties of University life in Cambridge. In various ways he improved the practical 
work of the school of zoology there, bringing to bear upon it his exceptionally 
wide knowledge and experience of living animals, both terrestrial and marine/ 
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in their natural surroundingB, and his lectures were always remarkably 
interesting and stimulating. He continued his researches on Foraminifcra 
and MycetozoUj he gave valuable assistance to Adam Sedgwick in preparing 
the third volume of his Text-book of Zoology, in which he wrote the articles 
on the Crustacea and Xiphosura, and he also contributed the articles on Fora- 
minifera and Mycetozoa in Sir Ray Lankester’s Treatise on Zoology. 

In 1911 he was liappily married to Miss Dorothea Marryat, daughter of the 
late George Selwyn Marryat, and they settled down in a beautiful house in 
Grantchester. Some years later his health again showed signs of failure, and 
his visits to the zoological department became loss frequent, but, turning 
again to the interests of his early life, he carried on at home a series of observa¬ 
tions on the variations of butterflie-s and moths, though he has unfortunately 
left no published paj^ers on this sixbject. He died in his Grantchester home 
on February 5, 1927. 

Of Lister’s published contributions to science it may be said that, although 
not extensive, they are valuable and interesting records of careful and skilful 
work done. He could never bring himself to print anything that had not been 
thorougldy investigated and conscientiously considered. He wrote to express 
the truth that he had found, and it could always be trusted, and what he has 
written has stood, and will stand, the test of time. His first paper was written 
in conjunction with Mr. J. J. Fletcher, on the female organs of reproduction 
of the Kangaroos, the result of some dissections he had made at the Zoological 
Gardens in London during the long vacation of 1881.* * * § 

In 1888t he \vrotc an admirable article on the Natural History of Christmas 
Island, the fauna and flora of which were threatened vdth destruction in con¬ 
sequence of the operations of a guano company, and in the same year he 
described the stalled form of the coral Fungia first discovered by Rumpbius 
in the 17th century, and briefly described by Stutchbury in 1830.J 

Arising out of his travels in the Pacific Ocean, he wrote an account of Falcon 
Island,§ and of the Tonga groupH in general, in which he made important 
contributions to the controversy on the origin of coral reejfta and to the geology 
of these oceanic islands. An interesting paper on the natives of Fakaofu 
(Bowditch Island)T| was his only contribution to our knowledge of 
antliropology, but it showed that he possessed a wise insight into the problems 
of that science. 

As a naturalist from his boyhood, he was, of course, greatly interested in the 

* ‘ Proo. ZooL Soo.,’ 1881. 

t * Proo. Zool. Soo./ 1888. 

X * Quart. Joum. Micro. ISoi.,’ vol. xxix. 

§ * Proo. R. Geog. 1890. 

!| * Quart. Joum, G«oL Soc.,' 1891. 

^1 * Journ, Anthrop. Instit.,* vol. xxi. 



bittis o{ these tropical islands, and Ms visit to the>Mi4 coldiiiea 
IsWids must have be^ one of the most tbzilling incsdeats oi h» Ufe^ BEe 
published an account of the birds of this looalitjr, including an inteKSthig 
description of the throat pouch of the niide IBIiigato bird.* 

On this voyage to Australia in the PmmfXtta he spent much of his time in 
studying the plankton, and discovered a most interesting and hitherto unknown 
Metanauplius larva which he assigned, probaUy correctly, to the group of the 
Stomatopoda.f 

His most important work, however, was the memoir published- in the 
‘ PhilosopMcal Transactions ’ of the Royid Society in 1894 on the life-history 
of the Foiaminifera. He described the me^lo- and microspheric forms of the 
common Potystom^ orispa of our shores, and showed that the muaosjdierie 
form gives rise to a brood of megalospherio young, and lhat the dm^Io- 
spheric form gives rise to an immense number of minute flagdlate zoospores of 
uniform size which in their turn give rise to the microspheric fonns. He 
proved in this way that the two forms were not respectively male cmd female as 
was sometimes assumed, but two distinct generations, which, in PolystomeUa at 
least, appeared to alternate. The fiagellate zoospores produced by the nr^alo- 
spheric form might be facultative eonjugante, and therefore sexual spores, but 
this he failed to prove. This memoir was illustrated by several exo^ent 
drawings of the living oi^anisms, a testimony to his accuracy of obeervatum and 
bis d^oate sldll aa a draughtsman. 

Other papers dealing with the phenomena of diiuotphism in Orbitedites, 
Triloculina, Biloculina, and the NummuUtes were published in the ‘ Cambridge 
Philosophical Transactions,’ but a great deal of valuaUe new work on the 
Foraminifera was also inoluded in the article he wrote on the grot^ for 
Lankester’s ‘Treatise on Zoology.’ These resetutches Mcought him a gnat 
reputation, and, as Prof. F. E. Schulze, of Berlin, wrote, “ won-for him wide 
recognition among zoolo^sts of all countries, but espedally among his icBow- 
workns in that field of study.” 

Beferenoe may alto be made to a paper he wrote in 1900 on ‘ijlsCrosoIem 
w&ieyam.^% He gave tfan name to a hard cakaieous straoture . found by 
Hr. Willey on a coral reef in the South Seas, the nature of uddoh was tiie subject 
of Umoh speculation and of some dispute in the Laboratory; By zhQled 
manipulation Lister settled the question thtoa|^ ebowmg that the sfenictan 
contained the ehaiaoteristio collar-cells of a sponge. 

When the Oreat War came upon us and zodbgical investigation had, to a 
great extent, to be set aside, lii^ tamed his great manual dexteiiiy 'to the 
making of artificial limbs for wounded soldiers. ^ was a manwho, infawting 

• ‘ l»w>o. ZooL Soo.,’im. ^ 
t ‘ Qauti j'oam, Mon. floL«* ^ ^ 

} waiey’s ' Zootegioal Benilta.' ESuct IV. 
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aa ]|6 did the kindliaess and sympathy of his family, and haying influenced 

in his eaily life by the piinciples of the Society of Friends to whii^th^ belonged, 
must have felt keenly the horrors of war, and he did all in Ins power to help the 
sufferers. 

Lister had a large number of loyal friends who held him in hi{^ regard, 
and there are many younger men who, having {)a8sed through thm three years’ 
course in Cambridge and gone out into the world, are gratefnl to him for his 
ever>ready help from the stores of his wide knowledge and experience, and 
for his sympathy in their difficulties and disappointments. S. J. H. 


WILLEM EINTHOVEN-186t)-J 927. 

WiLLBM Einthoves, whose death wa.s annoTinced on 29th September, was 
bom in May, 1860, at Samarang in Java. He was the son of a doctor practising 
in that place, and was taken to Holland by his mother with five other children 
when his father died in 1870. They settled at Utrecht, and here Einthovon 
entered the University as a student of medicine in 1878, to study physics under 
Ballot and physiology under Bonders. His first research was undertaken with 
the anatomist Eoster and concerned the mechanism of the elbow joint; he 
became assistant to the ophthalmologist Snellen, and wivs given his doctorate of 
medtome at 25 years for an Inaugural Dissertation entitled “Uber Stereoskopic 
duroh Farbondifferenz.” In the same year he was called to the Chair of 
physiology at Leyden, and there ho remained, actively engaged in work, until 
his death in his 67th year. 

Early in his career he became interested in instruments recording changes 
of elet^ioal current or potential, and, perceiving their great importance to 
physiological research, he deliberately set out to construct an instrument of 
UisarpasBed quickness and sensitivity. The history of the construction of his 
famous string galvanometer has been written by l^nthoven himself in one of 
his papers. IBs rematches started on the basis of the DepreZ'd’Axsonval 
galvtanom^er. He soon discovered iib»t the less numerous were the windings 
of the moving coil of this galvanometerv the greater was its sensitivity, and that 
^ lugl^ was obtained when a siuj^e winding of very fhin wire. 

Wii« employed it was then (ld97| t^t he became aware of Ader’s imrtmmmit 
signals, a gsivaaomeiter cKinsutmg of a long fibre lying 
the poles <ff a inag^ Be conianned to enquire into the 
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factors required to produce speed of movement and sensitivity and, by greatly 
increasing the strength of the magnetic field, by using relatively short and 
extremely fine conducting fibres, and by employing an optical system of pro¬ 
jection of high magnification, eventually constructed a galvanometer greatly 
surpassing, in continued quickness of response and sensitivity, any that had 
previously been made. 

His first account of this instrument was published in 1903 ; the sensitivity of 
the galvanometer, described fully by him in 1909, was already 100,000 times 
greater than that of Ader’s instrument. Although his instrument, regarded as 
a potentiometer, then stood possessed of little more sensitivity than the best 
models of capillary electromekir, it surpassed the latter and all previous galvano¬ 
meters enormously in the quickness of its response. The capillary electrometer 
had the defects of slow response and overswing; a true curve of potential 
differences could be obtained only by a tedious analysis of the electrometer 
curves, an analysis involving considerable possibilities of error. The response 
of Einthoven’s string galvanometer was so quick that very rapid current changes 
were directly and accurately recorded, no analysis being required subsequently. 

He expended a great deal of time and patience on the perfection not only of 
the galvanometer itself, but of the subsidiary apparatus, particularly plate 
cameras and rotating time-markers, with a view to reducing to their narrowest 
limits errors of measurement arising from such sources. He succeeded in 
reducing errors of time measurement in physiological electrical curves to such 
minute intervals as 1/10,000 or 1/100,000 of a second; and produced those 
records of current change upon a photographic network of vertical and hori¬ 
zontal lines, accurately representing time and current magnitude, which have 
commanded universal admiration for their technical perfection alone. 

His galvanometer became the basis of the well-known commercial models of 
Edelmann, and of the Cambridge and Paul Instrument Company, and of many 
other patterns. Very many hundreds of these instruments are now in use in 
physical, physiological and pathological laboratories, and in the hospitals of 
many countries. Modifications, which have been introduce, other than those 
of the inventor himself, have consisted almost exclusively of minor changes, 
adapting the machine for special purposes; in principle it has remained 
unaltered ; in sensitiveness it has greatly increased, but Einthoven’s own modds 
have continued until the last to outstrip by far all similar instruments in this 
respect. 

Einthoven was not content merely to place his instrument at the disposal of 
laboratory workers; he and his collaborators clearly pointed to the many ways 
in which it might usefully be employed. Following up Waller’s demonstration 
that curves of the heart beat can be obtained by leading off from the limbs of 
an animal, he laid the basis of human and experimental electrocardiography 
as these are practised to-day. Modern electrocardiography is the direct out- 
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come of two papers published by him in 1907 and 1908. The leads from the 
human subject then adopted by Einthoven, and the standardisation of curves 
then employed by him, have since become universal. The same papers also 
contained curves of a variety of irregularities of the disordered or diseased heart, 
and their publication led at once to a complete investigation of cardiac irregulari¬ 
ties by this method; the outcome of these researches has been a complete and 
final analysis of all those irregularities that the human heart commonly dis¬ 
plays. This work has confirmed and has widely extended the previous analyses 
by Mackenzie’s method of studying the jugular pulse. 

In 191 he published a fundamental account, enabling the electrical axis of 
the human heart to be calculated at any phase of the heart’s cycle ; this, by 
comparing the curves taken from three separate leads along the sides of an 
approximately equilateral triangle. 'This method he reduced to greater exacti¬ 
tude three years later, when he invented a method of recording the three 
leads simultaneously and accurately. The methods of these papers have been 
exploited extensively and fruitfully in the study of the normal heart beat and 
in the elucidation of the disorders of th(^ human auricles termed flutter and 
fibrillation. 

In other papers Einthoven showed how enunently his instrument is suited to 
the study of clectrophysiology generally. Thus, in 1908, in illustrating its 
application to nerves, he showed that natural afferent impulses, conveyed by the 
vagus nerve from heart and lungs to brain, can be recorded; more recently 
(1923) he recorded efferent impulses in the cervical sympathetic and other 
nerves. His methods have been extensively adopted, largely at his instiga¬ 
tion, to study the electromotive changes in somatic nerve and muscle and in 
the sense organs and secretory glands. 

Another and considerable activity of this pioneer was his attempt to record 
the sounds of the heart beat. For this purpose he used the capillary electro¬ 
meter as early as 1894, in conjunction with Geluk. Later he devised a micro- 
phonic circuit suitable for attachment to his own galvanometer, wherewith 
sounds ranging to a vibration frequency of 200 per second might bo recorded 
accurately. He showed this device to bo suitable for registering the 8mm<ls of 
the human heart, and upon these he made many original observations ; it has 
since bt^n used extensively to study abnormal heart sounds in patients, The 
heart-sound method devised by him has proved the most accurate we possess 
in timing the chief mechanical events in the human heart cycle, and has been 
much employed for this purpose. Its use has been limited, as has to a greater 
extent that of other devices, by inability of the instrument to follow accurately 
sound vibrations of very high frequency. Discovering methods of drawing out 
fibres to an extraordinary degree of thinness, Einthoven in his last years 
overcame this difficulty; his threads of quartz, two or three millionths of 
an inch in diameter, would respond directly to sound vibrations of a frequency 
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of 150,000 per second'; these movements of a fibre, Sighted by sound waves 
in the air in which it lay, Einthoven recorded photographically. 

In these same, and last, years he worked to adapt his string galvaaomster 
as a recorder for wireless waves; he soooeeded in directly registering waves 
transmitted to Holland from the Dutch Esut Indies. 

Einthoven’s renown grew steadily, and in the last years of his life many honours 
were conferred upon him; tihese culminated in 1924 in the award of the Nobel 
prise for Medicine, and, in this country, in his election in 1926 to the Foreign 
Membership of the Royal Society, Honours, however, were to him a smaller 
recompense than was the knowledge of the benefits which his loi^ and arduous 
work had conferred upon his fellow-men. To few scien'tists, perhaps to no 
physiologist, has the applied value of their discoveries been so abundantly 
demoustxated as it was to Einthoven in his lifetime; the strength of this 
demonstration surprised him and gave him deep satisfaction. 

Einthoven’s work will be remembered for all time for the greatness of its 
contribution to method. He himself will be remembered by those who knew 
him personally for his fascinating personality. A man of simple, dmpst humble, 
habits, he was untiring in his devotion to work, to the exposition of his views 
and to the study of related problems. He awakened in both friends and 
associates a profound admiration, by his genius, by the charming sim]^oity 
and directness of his character, by his unusual modesly of thought and manner, 
by his patience, by his natiiral and unfailing courtesy, and by his unswerving 
devotion to truth in the most exacting sense. These noble qualities endeared 
him to all who know him well. 

T. L. 
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WILLIAM BOOG LEISHMAN—1865-1926. 

WnjiUM Leishman died on June 2, 1926. He was one of the small band of 
investigators in our Army M<?dical Services who, within the last 30 years, 
have added much to scientific knowledge and incidentally to the prestige of 
the Koyal Army Medical Corps and Indian Medical Service. Amongst this band 
Leishman was distinguished, not merely for his own researches, but for his 
untiring and unselfish efforts to further the interests generally of medical 
discovery in this country. 

He had a natural aptitude for scientific inquiry and found pleasure in the 
pursuit of knowledge and a keen interest in its practical application, but the 
medical service of the army was always his foremost consideration. The repu¬ 
tation of his corps was indeed very dear to him, and his ambition was achieved 
when in 1923 he became the Director of the Army Medical Service. 

Leishman was bom in 1865. His father. Dr. William Leishman, was Professor 
of Midwifery in the University of Glasgow. After a few years at Westminster 
School, years to which he always looked back with pleasure, Leishman started 
on his medical studies at Glasgow and here he graduated in 1886. Entering 
the army at the early age of 21, he was gazetted a Surgeon in the Medical Staff 
in 1887, and soon proceeded to India, where he saw active service in the Wazir- 
istan Expedition in 1894-95, receiving the tiontier medal and clasp. It was 
charaeteristio of the man that, at a time when any departure from the ordinaiy 
routine of clinical work was rare, he took a microscope with him on his Indian 
tour. 

Returning to England in 1897, he was posted as a Medical Officer to Netley 
Ho^ital, then also the Headquarters of the Army Medical School. Almrotii 
Wrigjit was the professor‘of pathology to the school, and Leishman was 
attracted to laboratory work under Wright’s inspiration, and decided to become 
a serious student of pathology, if this were possible. It proved possible, and in 
1900: he succeeded Major (now Sir David) Semple as Assistant Professor of 
■Palihology at Netley. 

(ha the removal of the Army Medical School to London and on the appoint¬ 
ment df Sir Ahnroth Wright as pathologist to St. Mary’s Hospital, in 1903, 
Leishman became Professor of PatMogy at the Royal Army Medieal College, 
a idhile he was largely occupied in the organisation of tiie teaching of his 
and his classes beew^ej in the tnuning of 

faotii in their pjfeamary'work on entering the army and in the 
^ ^ " Ihen the first time. Leishman took 

courses of instruction wore greatly 
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appreciated. At the same time he found opportunities to do some excellent 
research himself and ho inspired a number of yoimg officers to undertake 
investigations and trained them in scientific methods. 

In 1905 he was made a Hrevet-Lieuteriant-Colonel in recognition of his 
scientific investigations, an<l in 1910 he was elected a Fellow of the Royal 
Society. In 1913 he quitted his chair of pathology at the R.A.M. College to 
assume the duties of Expert in Tropical Diseases to the Army Medical Advisory 
Board at the War Office, and in the same year he became one of the original 
members of the Medical Research Committee. 

On the outbreak of the European War, after organising the arrangements 
for the antityphoid inoculation of the troops proceeding overseas, he quitted 
the War Office for Prance, and in October, 1914, was made Adviser in Pathology 
on the Staff of the Director-General of Medical Services of the Expeditionary 
Force. Thrice mentioned in Despatches, he received the C.B. (Military), the 
Legion of Honour (3rd Class) and the American Distinguished Service Medal. 

In 1918 he was recalled to the War Office and, on the formation of the new 
Directorates of Hygiene and Pathology, was made Director of Pathology, and 
in the same year he was created a K.C.M.G. In 1918, too, he was promoted to 
the rank of Major-General. In 1923, on the retirement of Sir John Goodwin, 
Leishman became Director-General, and was promoted a Lieutenant-General, 
created a K.C.B. and advanced by the French Government to the grade of 
Grand Officer of the Legion of Honour. He was also a Knight of Grace of the 
Order of St. John of Jerusalem. 

These details will suffice to show that Leishman’s accomplishments and 
public services were universally recognised. Let us turn now to his scientific 
work. In 1897, when Leishman returned from his tour of foreign service to 
Netley, the development of bacteriology and protozoology was proceedmg apace, 
and the application of the new knowledge to the problems of tropical medicine 
was manifest. The microscope had become as important an aid to the diagnosis 
of tropical diseases as the clinical thermometer. His first original contribution 
to science, made shorfly after his appointment as Assistant Professor under 
Wright, was an improvement in the method of staining malarial parasites so 
that they might be more easily detected in a film of blood. Maurer had advanced 
upon the methylene blue-eosin method of Bomanowski by using Nocht’s 
methylene blue ripened by alkali, but his method still involved the use of 
two solutions, required preliminary fixation of the film and was rather trouble¬ 
some to manage. 

It occurred to Leishman that by precipitating ripened methylene blue with 
eosin, as Jenner had done with ordinary methylene blue, a double staining 
compound might similarly be produced which, if also soluble in methyl alcohol, 
would possess the advantages of Maurer’s two solutions and the conveniences of 
Jenner’s single one. Such proved to be the case, and the useful compound 
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stain Leishman had made came into general use for the rapid staining of micro- 
soopi<^ preparations, of malarial parasites and other protozoa. Leishman^s 
name became notorious all over the world amongst histologists and tropical 
practitioners; the chemical structure of the doubly staining compound being 
obscure, the name of its inventor naturally came to be attached to it. 

Leishman’s second piece of individual work also involved a development in 
scientific technique, indicating that he was capable of forging his own tools. 
At this time, 1900“'1901, Wright had launched his experimental trial of anti¬ 
typhoid inoculation during the Boer War and was exploiting similar methods in 
the treatment of staphylococcic infections. This led to an investigation of the 
physiological niochanisms whereby the resistance occasioned by a previous 
injection of a killed culture of difiorent microbes was brought about. Whereas 
inoculation of killed t3q)hoid or cholera bacilli enhanced the bactericidal power 
of the serum, Wright found that this did not occur after the injection of staphylo¬ 
cocci. These organisms, indeed, could be propagated in the senim of either 
normal or immunised animals and resistance to infection could not, therefore, 
be attributed to the unaided action of the serum. Wright and Leishmau 
observed, as others had done, that in the blood of artificially immunised 
animals the microbes were more readily ingested by the leucocytes, but the 
lack of some method for estimating phagocytk^ activity prevented quantitative 
cx)mparison. 

Leishmau supplied this want. His method was but roughly quantitative, 
but it was an important step in advance. By its use he was able to arrive at a 
numerical comparison of the phagocytic activity of the blood of different 
persons before and after they had been inoculated with killed cultures of 
staphylococci and Micrococcus melilcnsis, using the average number of microbes 
ingested by the leucocytes in the blood of a normal person as a standard of 
reference. He also made the interesting observation that in the case of a 
patient sufiering from intermittent attacks of boils, a fall in this phagocytic 
ratio synchronised with the attack, whereas during the period of freedom from 
boils it was above that of normal people, • 

Leishmau did not ascertain whether the increased phagocytic power which 
he observed was due to an inherent alteration in the leucocytes or to some 
modification in the serum which favoured the ingestion of the microbes by the 
phagocytes by its action upon the one or the other. He rested content with the 
older interpretation of Metchnikofi, that the serum was modified and stimulated 
the leucocytes to greater efforts, although Denys and Leclef's work had negatived 
this interpretation in the case of streptococci. The complete analysis of the 
phenomenon was subsequently made by Wright and Douglas* whose improve¬ 
ments in Leishman’s technique permitted them to discover that it was the 
serum which was modified, and that microbes bathed in such modified serum 
were altered in such a way that they were subsequently much more readily 
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englobed. This variable property they appropriately designated the “ opsonic 
power of the serum. 

In their earlier experiments Wright and Douglas studied the opsonic power 
of the serum only of normal uninoculated persons and found that such serum 
lost its opsonic power after heating to 60° C. Leishman, however, discovered 
that the serum of individuals convalescent from Malta fever and from men who 
had undergone antityphoid inoculation retained its power to enhance the 
phagocytosis of the corresponding microbes after heating to 60°. About the 
same time, Noufeld and Rimpau discovered a similar thermostable opsonin 
in the sera of animals immunised against staphylococci and streptococci. 

Leishman, therefore, opined that this thermostable property of the serum after 
inoculation was due to a protective substance other than the opsonins discovered 
by Wright and Douglas. If it was a different substance it might act in a different 
way; not upon the microbe but by stimulating the leucocytes themselves 
to greater efforts, the view originally promulgated by Metchnikoff. In 1905 
Leishman published some observations designed to test this. They were not 
very convincing, as ho was careful to point out, but they inclined him still 
more towards the view of the French school. He suggested the name ** stimu- 
tins for the thermostable substances in immune sera, and was rather persistent 
in his view that they operated upon the leucocytes, notwithstandingthat evidence 
soon accumulated to show that the original observations of Denys and Mark! 
had general application, and that whatever the relationship between these 
bodies in normal and in immune serum might be, they both increased the 
phagocytic power of the blood by increasing the palatabilily of the microbea. 

It was at Netley, in 1901, that Leishman made an observation which subse¬ 
quently proved of import to tropical medicine. In the course of an autopsy 
upon a soldier who had died of kala-azar, or “ dum-dum fever,*' as it was then 
called, he examined some films of material from the spleen which he had stained 
by his method for malaria parasites. The field of the microscope was strewn 
with small oval bodies^ 2-3 \i in diameter and each containing two masses 
of chromatin staining material, one circular and the other rod-shaped. The 
appearance was one he had never met with or seen described before. He did 
not record the observation at the time, pending opportunities for examining 
material from further cases of the disease, but he made careful notes and drawings 
of the appearance presented. Two years later, when examining specimens 
from rats which had died some hours previously from infection with Tn/pano- 
soma Bruoeif he noticed degenerated trypanosomes, which so forcibly reminded 
him of his earlier observations that they now seemed worthy of publication. 
Human trypanosomiasis had been recently discovered by Dutton and Forde, 
so Leishman hazarded the opinion that kala-azar was a disease of similar causa¬ 
tion, and suggested that a search for the parasites should be made in cases 
of the disease in India during life. 
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Shortly afterwards, Donovan and others recorded the observation of bodies 
similar to those described by Lcishman in the blood from the spleen of patients 
suffering from kala-azar, and their imiversal association with the disease was 
soon established. Leishman’s conclusion that the parasite seen by him and 
others was the involuted form of a trypanosome was not far from the mark, for 
next year, 1904, Rogers reported that he had cultivated the parasite in citrated 
blood outside the body, under which conditions it developed into what he at 
first thought to be a trypanosome. The main facts were subsequently confirmed 
by Leishman, but the flagellate form of the parasite turned out to be a varieiy 
of Leptomonas. 

The significance of a flagellated form was not missed by Leishman, who 
pointed out the probability that this was the condition into which it would be 
found to develop in the body of some insect. The search for the insect trans¬ 
mitter of kala-azar has since continued, and from the work of the members of 
the Kala-azar Commission in India, it would appear to be a species of sand-fly 
(P}iM)otomus argenitpes). Successful transmission experiments by the bite of 
this insect have not, however, yet been accomplished, owing to the difficulty 
of finding a sufficiently susceptible experimental animal. 

In 1904, J. H. Wright rediscovered parasites in Delhi ” boil similar to those 
described by Leishman, Cunningham's observations of 20 years before having 
been forgotten, and at the present time such parasites are known to be respon¬ 
sible for several diseases of men and animals. The controversy which took 
place over the zoological relationships of the parasites led to the conclusion 
that a new genus must be made for them, and, on the suggestion of Ross, the 
generic name, Leishmania, has been applied to the group. 

Leishman devoted much of the time at his disposal for research after 1905 to 
the study of the spirocheetes of relapsing fever. His earlier investigations 
were concerned with efforts to cultivate them and to distinguish the African 
from the European variety, the former being transmitted by the tick 
Orniihodorus nmtbata, and the latter by the body louse. All his efforts 
at cultivation, however, failed, and althougfi Noguchi succeeded 
in 1912, Leishman was unable to repeat this. Neither by morphological 
characteristics nor by experiments on cross-immunisation was he able to satisfy 
himself of any difference between the two varieties. His experiments from 
1908 onwards were directed to ascertain the life-history of the spirochaete 
after it was ingested by the tick, and the manner in which the infection was 
transmitted to man. As both monkey and mouse are susceptible to the African 
sphrochfiste, the answer to the questions could be supplied by experiments on 
these animals. 

Koch, working in Africa in 1905, described the disappearance of the 
spirocbffites in the stomach of the tick after a few days and their reappearance 
in the body fluid subsequently, and had also seen them in the ova, thus 
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explaining the hereditary transmission of the infection in the tick. Leishman's 
first experiments were conducted at the temperature of a London laboratory, 
so that he was xinable to confirm Koch^s observations. He found it impossible 
to trace the spirocha>te anywhere in the body of the tick later than the tenth 
day after feeding, and his search for spirochmtes in the eggs laid by infected 
ticks proved negative. He noticed, however, that the 8pirocha>te3 broke up 
into granules containing chromatin, and also noticed great numbers of similar 
granules in the bodies of some of the infected ticks. 

The failure to see spirocheetes, and the presence of abundant grantiles in 
ticks proved to harbour the infective agent, led Leishman to espouse the view 
previously enunciated by others, that these granules represented a stage in 
the life-history of the parasite. Later, when studying fresh tissues of infected 
ticks, he observed appearances which he interpreted as the growth of spirocha^tes 
from the granules. Although, on repeating his experiments at a temperature 
similar to that encountered in the tropics, he was able to confirm much of 
Koch^s work, Leishman adhered to the opinion that fragmentation of spiro- 
ohsetes was not necessarily a degenerative process, but might represent a stage 
in the development of the parasite, and was probably an essential one for 
passing on the infection. 

In his Horace Dobell Lectures to the Royal College of Physicians, in 1920, 
he presented the case for this opinion fairly, and stated his conclusions with 
moderation, pointing out that the work of Nicolle and others upon the trans¬ 
mission of spirochcBta remrrentis by the body louse afforded, collateral support. 
There is nothing inherently improbable in Leishman's view of the method, 
but the general consensus of opinion of parasitologists at the present time is 
against it. 

Leishman’s experiments on the means by which the infection passes from 
the tick to man failed to afford a decisive answer. He showed that the coxal 
fluid of the tick, which is often excreted by the insect whilst it is feeding, was 
infective, and he supposed that the parasite passed from this into the wound 
made by the bite, but he did not exclude a more direct method of implanting 
the infective agent by the insect during the act of sucking blood. 

Another subject which occupied Leishman’s attention was the etiology of 
blookwater fever. From a consideration of the epidemiology of the disease he 
arrived at the opinion that the view that this disease is merely a manifestation 
of malaria was untenable. He, therefore, took every opportimity to examine 
films of blood prepared from patients suffering from “ blackwater,” and 
described the occurrence therein of chromatin-staining inclusions. He inclined 
to bebeve that they represented either parasites or the reaction of the cell to 
the invasion of some infecting agent (chlamydozoa). AVhether this be so can 
only be determined by further research. So far, no additional support has 
been forthcoming. 
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Leiahmau’s biggest contribution to practical medicine was the work he did, 
from 1900 to 1915, to improve the efficiency and promote the practice of 
Wright’s antityphoid inoculation in armies. When he returned to Nctley 
Hospital in 1897, Wright had but recently introduced inoculation with u killed 
culture of the typhoid bacillus as a prophylactic measure. There was abundant 
sanction for the method from animal experiment, and its trial on troops in 
India under the supervision of its inventor had afforded encouraging results, 
but the best method of preparing a vaccine, its standardisation and the deter¬ 
mination of the appropriate dosage still re(|uired much patient research. 

As Wright’s assistant, Lcishman was engaged upon these researches, the 
first-fruits of which they published together in 1900. A method which gave 
promise of combating a disease which was taking a heavy toll of troops on 
foreign service, and which, in war, liad often killed more men than the bullets 
of the enemy, appealed strongly to him and continued to occupy his attention 
for many years after the partnership with Wright ceased. The outbreak of 
the Boijr War offered an opportunity for an extended trial of antityphoid 
inoculation. The permission of the War Office was obtained for the inoculation 
of troops as a voluntary measure, prior to their embarkation for South Africa, 
and the duty of preparing and standardising the vaccine for the troops was 
performed by Leishman. 

The opinions formed as to the efficiency of antityphoid inoculation during 
the Boer War varied. Whilst the effect upon some units appeared to be most 
encouraging, in others the incidence of the disease upon inoculated and 
uninoculated showed little difference. The irregularity of resiilts in different 
groups aroused the criticism of statisticians. It was argued that some other 
factors, such as variable efficiency of the vaccine used on different units, varying 
accuracy of diagnosis or in the records of cases, were producing an influence 
greater than that of inoculation. Such would appear to have been the case, 
for, at that time, paratyphoid diseases were not discriminated from typhoid, 
and no doubt a considerable proportion of the cases returned as typhoid during 
the Boer War were, indeed, not due to the badUuityphosus. The imequal 
distribution of paratyphoid fevers in different units would alone be sufficient to 
account for the irregularities recorded. 

The lack of agreement upon the value of antityphoid inoculation led the 
Army Council, on the conclusion of the Boer War, to suspend the practice 
until further evidence had been collected. To secure this evidence they 
appointed a Departmental Committee, of which the present writer had the 
honour to be Chairman, to advise as to further action. After a study of the 
statistical and experimental evidence, this Committee presented an interim 
report, recommending that inoculation should be reintroduced as a voluntary 
measure, and that extensive experimental work should be undertaken with a 
view to the improvement of the system of inoculation. 
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A programaie of toseanih was dzawn up by the Conunittee, and the dufy of 
carrymg out the proposed eiiqieriinents devolved upon Leishman, who was a 
member of the Committee. The investdgationi proceeded in two directions: 
(1) the inoculation of approximately half of the individuak in aU drafts 
proceeding to India and accurate recording of the subsequent history of both 
inoculated and uuinoculated over a period of two years; (2) an ejcperimental 
inquiry into the best method of preparing and administering the vaccine. To 
this end, the blood changes in animals following inoculation of the vaccine, 
as indioated by the amount of protective bodies aroused, were carefully and 
quantitatively studied in order to provide a standard method for comparison. 

The inquiry occupied three years, and the credit fqr its snccesafal conclusion 
was due to Leishman and his team of assistants. He was responsible for the 
details of its planning and its execution. In carrying out the programme of 
the Committee he showed himself to be possessed of scientific capacity of a 
high order and a rare administrative ability. As a result of these investigations 
the value of Wright’s antityphoid inoculation was established beyond pecad- 
ventuxe, a matter of deep concern when it is remembered tlmt the medical 
history of all post campaignti has shown that the enteric group of diseases 
was as great a foe to armies ou active service as the enemy. 

When the European War broke out in 1914, the machinery for the immuni¬ 
sation of our Expeditionary Force was ready, but antityphoid vacemation 
was not compulsory in the British Army and, owing to the rapidity of mobiliza¬ 
tion, it was not possible to secure the inoculation of mote than 2fi per cent, of 
the troops before their embarkation for France in August, 1914. Fmr militaty 
reasons, an attempt to remedy this defect could not be made until October, 
when the fighting had become localised on the ^ne. Meantime, typhoid broke 
out and began to spread. At thu juncture, lieidunan devoted himself to the task 
of penmading the men to be inoculated, and was extraordinarily sacoeasfuL 
Owing to his strenuous and unremitting efforts, and those of hissubonlinates in 
the pathological service of the B. A.M.C. , both at home and abroad, the proportion 
of inooulated soldiera oil active service was increased in a couple of months to 
80 per cent.; by the middle of 1915 it was 96 per oent., and by the end of the 
year 98 per cent. Closely following upon this successful oanq^iaign in favour 
of inooulatioQ, the number of cases of typhoid fever diminished with nearly 
equal rapidity, and from the end of 1916 onwards was not a tmons source of 
hwn of militaty strength, .^tityphoid inooulation does not make a man proof 
against the disease, but it reduces his chance of contracting it to about one- 
tenth, and this reduotion in siuKieptibility was sufficient to prevent epidenuc 
spread even under the conditions of trench war^tre. 

The invention of antitj^hoid inoculation we owe to Wriljgd^t, ^t the saocesefUl 
immutuaation of our armies was, for the moti part, due, direetiy and indsi^^ 
to Leishman. By his experinMUtal work the prooedure was improved, 
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i&eeaaoQt popaganda the Army authorities were familiarised urith the value 
of antityphoid inoculation, and, thanks to his tact and admisiattarive ability, 
the many difficulties were overcome and the inoculation of millions <d men 
was accomplished. 

Had the casualties in the British Army from enteric fevers during 1914-18 
been on the same scale as during the South African War, 900,000 of our soldiers 
would have been invalided, and 130,000 dead from them alone. If such a loss 
of man-power had occurred it must have influenced the result of the war. 
That the total cases were one forty-fifth and the total deaths one-hundredth 
of these figures is in part attributable to improvement in army sanitation, 
but there are good reasons for concluding that the greatest factor was the 
protection from epidemic extension afforded by the inoculation of almost the 
entire personnel of our armies. For this achievement, Leishman must be 
accounted to have been one of our most successful generals in the Great War. 

C. J. M. 


ERNEST HENRY STARLING-186C-1927. 

SfiMasT Stablinq died on May 2nd, 1927, on board the Arigming shortly 
before reaching Eangston, Jamaica, whither he had gone on a short hobday 
the benefit of his health. Of late years he had suffered from disabilities 
under which one of less heroic spirit could not have continued to work 
Stmuuously. . 

Rtgrlmg was the eldest son of H. H. Starling, Clerk of Aie Crown at Bombay. 
Imily of seven children had perfmrce to be educated in England. They 
thorelbre saw but little of their father and were brought up by their mother, 
on woman, and it is to her influence by her^ity and nurture 

tiiut Surfing owed bts determination, mental alertness, and much of his charm. 
As eildert boy, in the absence of a father he early acquired a sense of 
ri|il|MH^ and capacity for managing his sJfaus, and was, in some respects, 
for his years. He waa educated at King’a College School, 
at Guy’s Ho.[^^ ' 

:of tlw Boienoea preliminaiy to his medical education, 
bis to be a plysicia^ and it was not until a few years later that 

' of g; life d^evoted to sdeiwe and discovery. 
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Starling had, as a student, a brilliant academic career, about two-thirda of 
the academic honours available being secured by him. Physics and chemistry 
attracted him greatly, and the generalisation of biology, but it was when he 
came to study physiology that he found his real vocation, and he determined 
to become a physiologist, if such a career was economically possible. 

After two years spent in the study of Anatomy and Physiology, ho went 
for a few months to Heidelberg, and worked in Ktihne’s laboratory. He 
returned at the end of the year more than ever determined to become a 
physiologist. However, he had to put these aspirations aside for a while and 
apply himself to the study of practical medicine. Starling found great satis¬ 
faction and enjo 3 TOent in clinical work. The human side appealed to his 
sympathetic nature, and the immediate value of the application of knowledge 
to his practical mind. After he became a physiologist he did not lose his interest 
in practical medicine, and if it had been possible to devote himself whole- 
heartofUy to the study of medicine, as is now possible by the institution of 
full-time professorships, Starling would have been as happy investigating 
disease as in a physiologicjal laboratory. Indeed, not many years ago he 
seriously considered accepting such a position. 

He completed his medical studies in 1889, and graduated M.D. at London 
in 1890, qualifying for the gold medal in medicine. Immediately after 
graduation he became demonstrator at Guy’s Hospital, and next year, joint 
lecturer in physiology with Golding Bird and Washbourne. 

He was now confronted with two problems. The first was how he was to 
continue to subsist on one-third of a salary which was never intended to 
command the whole services of one physiologist; the second, how he was to 
secure a physiological laboratory to work and teach in, A Grocers’ scholarship 
temporarily solved the first problem, and he determined that adequate 
accommodation and equipment for teaching and research in physiology should, 
ere long, by some means, be obtained. Meanwhile, he repaired to Schafer’s 
laboratory at University College to carry on his researches.' Bayliss was 
also working in the laboratory, and here began a scientific partnership which 
lasted on and off for thirty years. The two complemented one another in 
many respects. Whilst both possessed scientific imagination of the highest 
order, Starling was more ardent and forceful, eager to translate ideas into 
action, but rather bored with details of technical method. He had never 
been interested in doing things with his hands, except climbmg, although 
later he became a most beautiful and dexterous operator, Bayliss was the 
philosophical student, calm, with better critical judgment. He read widiely 
and had a wonderful knowledge of scientific literature, was an exoeQent 
mechanic, and found enjoyment in the development of the technioal methods 
of research. How fruitful this partnership was will be seen from the aooount 
below of Starling’s scientific work. 
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The eqxiipmcut at Guy^s Hospital was steadily improved, and Starling and 
Bayliss did their work on the innervation of the heart together there, and 
Starling his on the factors controlling transudation and lymph flow, and also 
his earlier work on urinary secretion. By 1895 Starling had planned a really 
good physiological institute for Guy’s Hospital, and secured the assent of the 
authorities to its erection. These laboratories were completed in 1897 and 
were, at that time, the best in London. He did not enjoy their amenities for 
long, as in 1899 he was appointed to the Jodrell chair of Physiology at 
University College. 

It was a wrench to leave his new laboratories, to the planning of wluch he 
had devoted so much time, but he felt that the '' atmosphere ’’ at University 
College was more favourable to the realisation of his ideals. The College was, 
at the time, in low water financially, but he firmly believed that this temporary 
embarrassment could be removed, and that it need not be long before the 
medical sciences at University College wcr(5 appropriately housed and equipped. 
Starling dreamed dreams, but he was also a man of action. He gave all the 
money he possessed to improve the equipment of the existing physiological 
laboratories and threw himself whole-heartedly into projects for eliminating 
the deficit in the College funds, and to raise the money for an Institute of 
Medical Sciences. 

His faith was justified, and in 1909 the first instalment of his scheme came 
to fruition, when the present Institute of Physiology was opened, the cost of 
which was largely defrayed by money raised by his personal efforts. Starling’s 
objective was not merely a new physiological school, in which he was naturally 
more particularly interested. He wanted all the medical sciences at University 
College to have the advantages of more commodious and nobler buildings. 
His origina] scheme included accommodation for anatomy and pharmacolog}'- 
as well as physiology, with a central library, pathology being well housed in 
the new Clinical ISchool. At first only the physiological section was built, but 
a few years ago the erection of the whole Institute, as originally contemplated, 
was rendered possible by a generous gift from the Rockefeller Foundation, the 
directors of which were desirous of devoting funds in the interest of medical 
science in London. That they chose this particular means of fulfilling their 
aims was largely, if not entirely, due to Starling, and the noble Institute of 
Medical Sciences with which Univemity College is now endowed is a fine material 
monument to the memory of one who not only helped to build up a great school 
of physiology in London and obtained an appropriate habitation for it, but also 
was as unsparing in his efforts to secure similar advantages for the other medical 
sciences. 

In 1922 Starling retired from the Jodrell chair, on his appointment to a 
Fouierton Research Professorship of the Royal Society* This was the first 
of the Royal Society’s professorships to be founded, and Starling was the 
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first holder. This happy precedent has been followed and there are now five 
research professorships. He still continued to work at University College, but 
was relieved of all administrative duties and all teaching except that of a small 
band of research pupils. His laboratories continued to be a centre of great 
activity, and a limited number of distinguished young physiologists fr<Mn Great 
Britain and abroad enjoyed the advantage of working in close communion with 
one of the greatest masters of experimental ph 3 raiology until April, 1927. 

Starling was elected a Fellow of the Society in 1899. He was Koyal 
Medallist in 1913. He thrice served on the Council and was chairman of the 
Physiology and Medical Sciences Committee at the time of his death. 

Starling *s Physiological Reseabohks, 

.Starling’s interest in physiology was general, but the subjects for investigation 
which particularly attracted him were those physiological processes which 
seemed capable of interpretation in terms of chemistry and physics. 

He was always, from his student days, fascinated with the problem of the 
heart and the adjustment of its action to varying conditions of the body, and 
his first paper, written with Bayliss in 1891, was on the electromotive 
phenomenon of the mammalian heart. Waller had recently studied the 
electrical variation of the excised heart, and also of the heart in situ, by leading 
off from the neighbourhood of the apex and base respectively. They believed 
that by photographing the movements of the capillary electrometer, connected 
with electrodes placed in diSerent positions on the naked heart in the living 
animal, much might be learnt of the nature of the cardiac contraction ; in fact, 
that a new method of observation was at the disposal of the investigator. 
At that time, any sort of muscular continuity between the auricles and ventricles 
was denied, and the view that conductivity was due to some nervous network 
supplying the fibres was in favour. 

They next explored the separate action of the vagi and accelerator nerves 
on the auricles, on the ventricles, and on the conducting power of the aurioulo- 
ventricular junction in the mammal. The effects of these nerves on the hearts 
of frogs and tortoise had been previously studied by Gaskell and Heidenhain. 
Bayliss and Starling completed the story, showing that there was no essential 
difference between the hearts of mammals and cold-blooded animals, and that 
the vagus depresses conduction in auricle, auriculo-ventrioular junction and 
ventricle, and that the accelerator nerves had the opposite effects on all three 
structures. 

Two other important papers dealing with the mechanism of the circulation 
were published by Bayliss and Starling at this time. One was an exhaustive 
study of the simultaneous cbimges in the arterial and venous pressures of 
various regions of the body under a great variety of experimental conditions. 
The results showed the universal applicability of the principle of the circulation 
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worked out by Ludwig. The other was an analysis of simultaneous pressures 
in the aorta and ventricles of the heart in situ. They used a continuous 
photographic record of the changes in volume of a small air-space at the end 
of a capiUary glass tube connected with the aorta, and ventricle respectively. 
This method being almost free from inertia and aperiodic, they succeeded in 
obtaining a true record of the rapid variations occurring in the ventricle and 
aorta and the precise relation of these to one another. Their measurements have 
been the standard of reference ever since. 

In 1892 Starling went to work with Hfsidenhain in Breslau. Heidenhain 
had distinguished two kinds of lymphagogues, and under bis inspiration 
Starling set to work to make a more detailed analysis of the effects of 
one of them, peptone. In summarising his results he adopted the interpreta¬ 
tion of Heidenhain that the experimental facts concerning lymph formation 
could not be explained by filtration, and that it was necessary to suppose a 
selective activity on the vessel wall. On returning to England ho continued to 
work at the problem of lymph formation and repeated all of Heidenhain’s 
experiments. He was able to confirm bis facts but came to doubt the correctness 
of his interpretation. He searched for evidence of lymph-secr^etory nerves, 
but found that the nervous system could only influence lymph-flow by alteriug 
vascular conditions. After years of experimenting he came to the conclusion 
that it was unnecessary to suppose a secretory activity of the endothelium, 
if some other factor existed to balance the hydrostatic pressure in the capillaries. 

In 1896, Starling discovered that the missing factor required to afford 
a complete interpretation of the phenomena was the osmotic pressure of the 
colloids, to which the walls of the capillaries are relatively impermeable. It had 
hitherto been supposed that the osmotic pressures of proteins, being so 
insignificant compared to those of salts, must be of no account in physiological 
processes. The reverse is indeed the case, because it is only to the proteins 
that the membrane is impermeable. He therefore set to work to measure the 
osmotic pressures of the proteins in serum and found them to be, though small, 
of the order of magnitude of the capillary pressure. The problem was solved. 
The hydrostatic pressme and the osmotic pressure supplied the balance of 
forces necessary to explain the experimental observations. 

Staxling’s work on lymph formation occupied five years, and is of the best 
he did. After long-continued and difficult experimentation, combined with 
observation of the highest order of accuracy, this hitherto obscure but funda¬ 
mentally important region of physiology was finally illuminated by his dexterous 
experimentation and triumphant imagination. 

Bayliss and Starling next embarked together upon an investigation on 
the intestinal movements and the innervation of the small and large intestine. 
The work was begun at Guy's Hospital and completed at University College. 

When they undertook this study, the nerve supply to the small and large gut 
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had been carefully determined by Langley and Anderaon, but of the working 
of the neuromuscular mechanism there were many discrepancies as to fact 
and opinion. After eighteen months’ careful experimenting, with appropriate 
recording methods devised for the purpose, they were able to reduce the previous 
chaos to order and to summarise the main facts concerning intestinal movements 
in a few simple statements. (1) That peristaltic contractions are true co-ordinate 
reflexes carried out by the local nervous mechanism and independent of the 
connexion with the central nervous system. (2) Local stimulation of the gut 
produces excitation above, inhibition below. (3) Besides the local mechanism, 
every part of the gut is subject to the control of the central nervous system 
through the splanchnics and vagi, the former being inhibitory and the latter 
containing both augmenting and inhibitory fibres. 

This was as far as understanding of the matter progressed until Cannon 
introduced the method of observation by means of X-rays in an animal fed 
upon a bismuth meal. They next tried to find out how pancreatic secretion 
was brought about when food entered the duodenum. The discoveries of 
Pawlow had determined the order of events in gastric secretion and their 
co-ordination through the agency of the nervous system, but although he had 
found that no secretion from the pancreas occurred until the acid chjrmo 
reached the duodenum, just how pancreatic secretion was C/alled forth had 
baffled this great experimenter and his pupik. Popielski had determined that 
the introduction of acid into the upper part of the small intestine caused 
secretion from the pancreas, notwithstanding previous section of the vagi and 
sympathetic, or even complete extirpation of the solar plexus. He concluded, 
therefore, that secretion must be brought about by means of some local 
nervous apparatus. 

Bayliss and Starling started their investigations with the idea of deciding 
where this peripheral nervous mechanism was. They verified all the facts 
stated by the Russian physiologists, but they were unsuccessful in proving the 
existence of any nervous mechanism controlling pancreatic secretion. Nor 
could they discover how secretion was brought about until they made the 
crucial experiment which led to the dikjovery of secretin. I happened to be 
present at their discovery. In an anaesthetised dog, a loop of jejunum was 
tied at both ends, and the nerves supplying it dissected out and divided, so 
that it was connected with the rest of the body only by its blood-vessels. 
On the introduction of some weak hydrochloric acid into the duodenum, 
secretion from the pancreas occxirred and continued for some minutes. After 
this had subsided, a few cubic centimetres of acid were introduced into the 
enervated loop of jejunum. To our surprise, a similarly marked secretion was 
produced. I remember Starling saying, “ Then it must be a chemical reflex/’ 
Rapidly cutting ofi a further piece of jejunum, he rubbed its mucous membrane 
with sand in weak hydrochloric acid, filtered and injected it into the jugular 
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vein of the animaL After a few moments, the pancreas responded by a much 
greater secretion than had occurred before. 

Bayliss and Starling followed up their discovery in many important directions 
which space forbids me to mention. A method of obtaining natural pancreatic 
juice was now available, and they made full use of their opportunities to study 
trypsinogen and its conversion into trypsin by enterokinase. Starling was 
also moved by them to much constructive thought and further research on the 
chemical integration of the bodily functions generally. He proposed the 
name “ hormones ” or chemical messengers for all such active principles formed 
in one part of the body and distributed by the circulation to excite the normal 
functioning or stimulation of growth of other parts, and this term has become 
generally used. 

In 1909, Starling returned again to the investigation of the action of the 
heart. He and his pupil Kawa had been attempting to dissociatt^ the effects of 
asphyxia on the circulation into those due to diminished oxygen and increased 
carbonic acid tension respectively. They used the “ spinal animal/* that is, 
one in which the brain above the pons has been destroyed. They obtained 
some interesting information, but the observations were difficult to interpret 
without being able to separate the effects of alteration in the gaseous com- 
position of the blood upon the heart itseK. 

To satisfy these requirements the heart must be isolated from the rest of 
the body and at the same time fed with a constant supply of perfectly oxygenated 
blood ; it must be working under mechanical conditions, all of which are com¬ 
pletely under the control of the experimenter. This was accomplished by 
a device, now famous, known as Starling’s heart-lung preparation. 

This experimental device did a great deal more than serve the purpose for 
which it was originally designed and the years immediately succeeding the 
development of this method of studying cardiology were the most productive, 
from the point of view of scientific output, in Starling’s career. He was 
surrounded by enthusiastic and able pupils drawn from all ovdr the world. 
He had plenty of problems for them to attaok, with every pf ospect of a reasonable 
reward for their efforts. Starling was unsparing in helping them towards the 
solution of the problem allocated to each, often performing the more difficult 
parts of the experiments himself and afterwards writing their papers for them. 

It is only possible to indicate a few of the more fundamental facts established 
by this happy band of discoverers until it was scattered by the outbreak of 
war in 1914. Detailed accoimts will be foimd in the publications from his 
laboratory between the years 1910 and 1915. 

In the first case, the effects of variations in the tensions of oxygen and carbon 
dioxide in the blood upon the diastolic volume and output of the heart, on its 
oapaoity for work, and on the flow through the coronary arteries, were 
detennioed. The heart was found to have an astounding power of utilising 
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the oxygen in the blood. When an isolated heart was fed with blood from 
an asphyxiated animal, the heart removed all but traces of oxygen. The 
conditions controlling the rate of the heart-boat were studied, and the only 
influences found to modify the rate of the isolated heart were temperature, 
and adrenalin. The maximum output of the heart was measured and found 
to be three litres a minute for a dog’s heart weighing 60 gm. Observations 
were also made upon the energetics of the heart by Starling and Evans, and 
afterwards by Evans, who determined the oxygen used per unit of work done. 
The respiratory quotients of the normal and diabetic heart were ascertained, 
and from those two sets of observations the efficiency of the heart as a machine 
working under various loads was calculated to reach 20 per cent. 

The experiments upon the flow of blood through the coron^ arteries showed 
that this flow was primarily dependent upon the arterial pressure, but that 
dilatation of the coronary system occurred when the carbon dioxide tension in 
the blood increased, when adrenalin was added, and most markedly when some 
metabolites, the product of the heart’s own activity, were added to the blood 
circulating. 

The most signiflcant of all these discoveries about the heart’s action were 
those made by Starling and his pupils, Knowlton, Patterson and Pip«, demon¬ 
strating that, within wide limits, the output of the isolated heart is independent 
of the rate of its beat, of the arterial pressure and of the temperature, but 
controlled by the inflow. This living pump, isolated from all connexions 
with the nervous system, is able, within wide limits, to increase its output 
automatically, according to the inflow, whatever the work involved. 

The mechanism of this self-regulation was sought for during two years and 
after much ingenious experimentation, in which, later, Vischer took part. 
Starling and his collaborators demonstrated that there was a direct proportion 
between the diastolic volume of the heart and the energy set free in the following 
systole. The importance of this observation derives from the fact that the 
diastolic volume and^the length of the muscle fibres are closely related, and 
therefore, that cardiac muscle obeys Hill’s law for skeletal muscle, that the 
energy set free on passing from the resting to the contracted state depends 
upon the length of the muscle fibres. 

This simple formula serves to explain the whole behaviour of the isolated 
mammalian heart, for, owing to this property of its muscle, if tire hemdi fails to 
empty itself at one of its contractions it starts the next at greater physiological 
advantage. 

Their researches on the heart had reached this interesting point when lite 
European War occurred. For a few months Starling carried on his pirofeasoria] 
work at University College, but became more and more unsettled. He wanted 
to go and fight. Persuaded, if not convinced, that this was not tlw W|Mt 
siiitable manner in which to satisfy his strong tribal instanots, he joined the 
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R.A.M.C. as a Captain and waa for Bome time a medical officer at the Herbert 
HoepitaL Later, as the scientific resources of the country were mobilised, he 
was made Director of Research at the R,A.M.C. College and was busy experi¬ 
menting with defensive methods against poison gases. In this he rendered 
invaluable service to his country* No one could have been better to control the 
experimental side of these researches. In 1916 he was promoted to Lt.-Colonel 
and sent as scientific adviser for anti-gas services to Salonika and to the 
Italian front. In 1917 he resigned his commission, deeming that he could 
be of greater service as a civilian. On his retirement he was appointed 
a C.M.G. 

At that time food shortage seemed most likely to decide the issue, and 
Starling became Chairman of the Royal Society Food Committee, which was 
responsible for advising the Government on scientific matters fundamental 
to the rationing of our food supplies. He was subsequently scientific adviser 
to the Ministry of Food, and British scientific delegate on the Inter-Allied 
Food Commission. In all these capacities Starling rendered yeoman service. 
He soon had a mastery of the necessary facts, and he was by nature and training 
able to marshal them comprehensively and arrive at definite conclusions. 
At the same time, he realised to the full that in applying physiological principles 
to administrative action, the economic aide of the problem was of equal or 
greater importance; consequently, he impressed all those statesmen and 
officials with whom he had to deal as one possessing, not only great knowledge, 
but sound judgment. It is doubtful whether any other of our physiologists 
could have served us so well. 

For a while, after the War, Starling’s work was seriously curtailed owing 
to ill health, which finally necessitated a serious surgical operation. However, 
in 1920, he was back again at work, with Anrep, on the central and reflex 
regulation of the oirculation, using a cross-circulation method, built up on his 
heart-lung preparation in which the circulation through the brain of the animal 
was entirely under the control of the experimenter, while the animars own 
heart supplied the rest of its body. By this ingenious^experimentation, they 
were able to ascertain how the oirculation in other parts of the body is modified 
in accordance with changes in the circulation in the brain. 

After this Starling ceased for a while his experiments on the heart and turned 
his attention to other matters, and during the last five yearn of his life was 
mostly occupied in attempting to solve some of the many perplexities of renal 
Becretion. It was not for the first time that he turned Jus attention to this 
subject. His experiments in 1899 had indicated that the glomerular epithelium 
was a rimple filtering membrane, resembling a film of gelatine in permeability, 
whereas active secretion took place in the epithelium of the tubules. He 
abandoned the subject at that time, because he oouW see no chance for further 
advance until experiments could be made upon a funotionidly active kidney 
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separated from the body and with some of the many factors ooniaroUing urinary 
secretion under experimental control. 

Many attempts to achieve the necessary experimental conditions had failed^ 
but the heart-lung preparation afforded a means by which any isolated organ 
might be fed with arterial blood of known composition at any desired pressure, 
rate of flow, and temperature. It was thus possible to study the functions of 
an organ apart from nervous influences and from the chemical influences which 
arose in consequence of modifications in the blood caused by other organs of 
the body. After numerous attempts, Starling and Vorney succeeded in main¬ 
taining the isolated kidney in such a condition that it would secrete abundant 
urine. 

By this method, which demands extraordinary experimental skill, Starling 
has opened a new chapter on the physiology of renal secretion. Already, many 
new facts, and others which were previously only matters of surmise, have been 
discovered and established* His observations with Verney and in collaboration 
with Eichholtz have shown that the glomeruli filter from the blood plasma 
its non-protein constituents, and that by using hydrocyanic acid to suspend 
tubular activity, a pure glomerular filtrate is obtained from the ureter. Also 
that, whilst urea and sulphate are secreted by the tubule cells, water, chloride, 
bicarbonate and glucose are re-absorbed by the tubule cells from the glomerular 
filtrate. Pituitrin increases the amount of chloride and decreases the amount 
of water eliminated. 

The influence of the pituitary gland upon the secretion of the kidney was 
particularly studied by Starling's pupils, Eichholtz and Bruhl. Their experi¬ 
ments suggest that the inability of the isolated kidney to secrete inorganic 
phosphate is due to the absence of the pituitary hormone. If this be so, it is 
another discovery of a chemical correlation of the body, for which Starling 
is largely responsible. 

These researches on the isolated kidney were in full swing in April when 
Starling left for the holiday which was loj^ overdue* They were affording most 
promising results, an<f doubtless, had he been spared to continue them, he 
would, with his uimvalled experimental skill, ultimately have succeeded in- 
clarifying our knowledge of urinary secretion, as he had laid bare the principles 
involved in the self-adjustments of the heart to physiological requirements. 

Starling's influence upon physiology is not confined to his own contributions 
to knowledge. He was also a great exponent of the science he loved so well. 
His “ Principles of Human Physiology ” is widely read on both sides of the 
Atlantic and generally regarded ^ the best exposition of the subject in the 
EngUdi language. The more limited audience of his own class rooms found in 
him a stimulating teacher whose enthusiasm was infectious. His research 
pupils idolized him. To everyone, provided he were a serious inquirer after 
truth, he extended his help, encouragement and friendship. 
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Staxling was the recipient of naany academic honours* Honorary degrees 
were conferred upon him by the Universities of Dublin, Sheffield, Cambridge, 
Breslau, Strasburg and Heidelberg. He received the Baly Modal in 1907 
and the Royal Medal in 1913. No account of his career would be complete 
without allusion to the part played in it by his wife. In 1891 he married 
Florence Wooldridge, the daughter of Sir Edward Sieveking. They were 
inseparable companions. With unselfish devotion she helped him more than 
will ever be known. They were fellow conspirators in all his projects, and 
for many years she performed for him the functions of an efficient secretary. 

What place amongst the great discoverers* in medical science should bt^ 
allotted to Starling must be left to the judgment of posterity, but it will be 
generally conceded by his contemporaries that he was one of the foremost 
physiologists of our time, and that no one since Harvey has so greatly advanced 
our knowledge of the action of the heart. 


C. J. M. 
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